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This work consists mainly of papers written for the 'English 
Mechanic,' together with other papers which haye appeared in the 
' Telegraphic Jonmal :' the whole has however been rearranged and 
in great part rewritten to fit the matter for its new form. 

A few words npon the aim of the Anther may previBnt some 
misconceptions. This book is not meant to be a mere addition to 
the already nnmerons Text-Books which collect together a number 
of isolated &cts and leave the reader to digest them as best he can ; 
nor is it addressed mainly to the professional electrician or the 
practical mannfacturer, though it is hoped it may be usefal to both. 

It is written chiefly for that large and inc^^easing dass of thinking 
people who find pleasure in the study of science, and seek to obtain 
a full and accurate scientific knowledge for its own sake, or as part 
of the necessary mental preparation for many of the departments 
of modem life. The object, therefore, has been to review the 
leading and essential facta and to so systematize them as to form of 
them a catalogue raisonnSe, in which all information obtained else- 
where may be readily inserted, and be as readily available when 
required. Many mere facts found in all other books on electricity 
may here be omitted or only slightly glanced at ; but, on the other 
hand, principles are dwelt upon, and the instruments necessary to 
their study fully explained, so that those who have some mechanical 
aptitude may construct them for themselves, the very best possible 
way of understanding them. 

The application of the force to the processes of electro-metallurgy, 
however, has been dealt with from a practical point of view, and it 
is hoped that in this and also in other parts of the work, the 
numerous questions which for some years have been addressed to 



the writer in the pages of the ' English Meohauio ' will baTe proved 
a guide to the particnlar points reqniring attention, and the 
difficulties moat likely to arise. 

The subjects not folly entered on in this Tolnme will be dealt 
with iu future papers in the 'English Mechanio' (where also 
ouBwors to any difficulties will be given), and may ultimately form 
another volume . 
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metaphysics, at l>est, have only attameti vo ._. ^ 
at Truth." 

Let us direct our attention to what branch of physics we may, 
it will be found wholly incomprehensible unless we also examine 
most other branches ; hence the study of electricity can only be 
successfully pursued by first attaining clear general views of 
matter and force, and of those fundamental doctrines the details of 
which belong to the sciences of chemistry and mechanics. Che- 
mistry has gone through such changes, of late, and many of its 
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2 ELECTRICITY. 

terms and doctrines are so dififerently treated by different writers, 
that I think it better not to refer the reader altogether to works 
treating of this branch of knowledge, but to give here the necessary 
general outline of the facts, principles, and terms which will be 
employed, to serve as it were as an outline chart, by which we may 
afterwards travel intelligently through the land we desire to 
explore. 

2. Matter. — Of the essence or nature of matter itself we 
know absolutely nothing, and never shall know anything ; but of its 
properties, whether they be inherent in its own essence or due to 
the action of forces connected with it, we know a good deal. 

Matter, as known to us, consists of certain forms which we call 
elements, because they are the simplest substances we have yet 
attained to. These may, for all we know, be composed of varying 
mixtures of yet simpler forms of matter ; but true science, as dis- 
tinguished from metaphysics, refuses to admit the " may he" but 
rests on what is proved. Therefore, in science, matter means the 
elements and their compounds. 

3. Elements. — Of these at present sixty-five are known. They 
exist as gases, such as hydrogen and oxygen; as liquids, like 
bromine and mercury ; and as solids, such as carbon and the long 
list of metals ; but these physical states are not essential to their 
nature, they depend only on their existing relations to force, as heat 
and pressure ; and as we can, by altering the conditions of force, 
cause most of them to pass from one state to the others, so there is 
no reason to doubt that every gas can assume the solid form, and 
every solid become a gas, under suf&ciently altered conditions of 
force. 

4. Atoms. — There is abundant evidence that these elements exist 
in the form of ultimate particles called atoms, possessing definite 
dimensions and weight. Though these atoms are practically infi- 
nitely small and beyond our powers of measurement or even con- 
ception, yet their existence is not a mere hypothesis, but a logical 
deduction from well-proved facts. All the actions of matter prove 
their existence, and the whole framework of modern chemistry, 
and, indeed, of all the natural sciences, is based on the atom. 

There have been many discussions as to the actual existence of 
atoms, which have been really battles about words. "Atom *' means, 
in fact, incapable of division, and it requires no elaborate mathe- 
matical analysis to show that any particle having dimensions and 
weight, however small, must be theoretically capable of being di- 
vided : but we need not encumber ourselves with any hypothesis 
as to the atom being infinitely hard and so on, as subtle reasoners 
about things beyond our knowledge continually do ; all we need is 
to consider the atom as^ the ultimate particle of each form of 
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matter, and tliat if divided, it wonld no longer remain that form of 
matter. 

The atom has several relations to force: (i) to gravity, which de^ 
pends on its mass simply, without reference to its nature ; (2) to 
heat, which for each physical form of matter is the same for all 
atoms ; (3) chemical affinity, which varies hetween every different 
class of atoms. 

5. Ether. — Besides the ordinary known matter there appears to 
be something pervading all space, though so thin or attenuated as 
scarcely to come within the common idea of matter as something 
tangible. That it exists astronomy affords us actual evidence, but 
what it really is we have no means of ascertaining, because it is 
impossible to lay hold of and analyze it ; but the more we learn of 
the actions which take place in our own and the other suns, the 
more probable it becomes that it is ordinary matter in an ultra* 
gaseous condition, but whether retaining the state of ordinary ele- 
ments, or whether resolved into a more simple form, or even into a 
non-atomic state, we do not know, nor are we ever likely to learn 
except by deduction from its actions. But all systems of physical 
philosophy alike require this so-called " ether," for so far as the 
probabilities of several hypotheses are concerned, there is no dif- n , 
ference between this one ethereal form of matter transmitting the [/^ 
impulses of the forces, and a luminiferous agent issuing from the 
sun, or an electrical fluid pervading space and matter, except that 

the first — the modem theory — is by far the most simple and most 
accordant with the facts needing explanation. 

This hypothetical ether is being gradually made to fulfil more 
and more of the functions for which the older philosophers invented 
separate " fluids," and in this there lies a new danger for real science. 
We know absolutely nothing about the ether, and these applications 
of it are little more than guesses : but when a word is invented 
to cover a difficulty, people easily come to believe that this word 
actually explains the matter. 

6. Atomicity or Valency op Atoms.— -Within the last few years 
chemistry has undergone a complete revolution, and one of the 
leading features of the new system is the idea of molecular types, 
these being due to the atoms having different exchangeable values. 
One of the oldest ideas of the atom was that matter had no real 
existence, and that atoms were simply centres of force. The 
modem idea is, that though the atom is a material body, it acts as 
a centre of force, and that the atoms of different elements differ by 
possessing one, two, or more such centres, or foci of influence. 
Hence the elements are classified as monads, monatomic or univa- 
lent, having only one attraction, such as hydrogen, chlorine, &c. ; 
dyads, diatomic or bivalent, having two attractions, as sulphur, or 

B 2 



4 ELECTRICITY. 
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oxygen; triads, triatomio or tervalent, with three attractions, as 
nitrogen ; tetrads, tetratomic or quadrivalent, having four attrac- 
tions, as carbon, and so on. 

The words atomicity and valency are frequently used as synony- 
mous ; but there is a tendency to attach the first term more to the 
theoretical explanation of the nature of the atom, while valency ex- 
presses the fact that atoms of the weights now accepted do, in com- 
bination or substitution, replace i, 2, 3, or 4 atoms of hydrogen. 
This involves no theory, and whenever I use the word valency it 
must be understood as expressing this fact, not as necessitating the 
explanation of which an outline follows. 

7. It is conceived that the atoms of which matter is built up are 
not in absolute contact, but are separated by spaces (containing 
ether) in which they move freely under the several forces to which 
they are exposed, these motions replacing in modem theory the 
atmospheres of forces or fluids which used to be believed in. The 
atoms are held together by the attraction or force which we call 
ajfinity, exerted across these intervening spaces. 

In any act of combination or decomposition, nothing less than 
one atom of any substance concerned can take part or undergo a 
change of its relation to other substances, but Uiese relations are 
governed by the number of attractions proper to itself. Thus an 
atom of hydrogen (i) can only combine with one atom of chlorine 
(i) to constitute hydrochloric acid; two atoms of hydrogen (i) 
unite with one of oxygen (2) to form water; three atoms of 
hydrogen with one of nitrogen (3) form ammonia, and four with 
one of carbon (4) make marsh gas, these being four of the typical 
forms to which cnemical combinations are referred, not merely for 
convenience, but because they are all bodies actually existing, and 
playing important parts in the chemistry of nature, and also 
because they are forms which would result from the several 
atomicities, if these really exist. 

As to the actual shapes of the atoms we know nothing ; but to 
enable readers more clearly to realize the theory set before them, 
I employ diagrams in which the several atoms are represented by 
circles containing dots to mark their atomicities, and surrounded 
by another circle to mark the space which separates them from 

each other and in which they 
^^' * move ; but it must be understood 

©\ / /TN A /J^^ *^** these diagrams are only aids 
J v^y v^fy ^ *^® imagination; they repre- 
sent ideas, but by no means must 
be taken for actual pictures of the things they may aid us to 
conceive. We may therefore picture the various classes of atoms 
as in Fig. i. 
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8. The Molboule. — Until Tery recently the words atom and 
molecule were treated as almost synonymous, but the rapid growth 
of modem chemistry has required a more exact definition of ideas, 
though even yet, as to compounds, the word molecule is not un- 
frequently used where atom or radical would be more correct 
The strict meaning of the word now is the smallest quantity of a 
substance which is capable of separate existence as a free body. 
With this meaning the word is equally fitted for use in chemistry 
and in general physics. 

It is therefore a body in which all the attractions or Talencies 
are satisfied, leaving the combined atoms to act as a whole from 
one centre, so far as such forces as gravitation, cohesion, heat, &c., 
are concerned. A body whose atomic attractions are not thus 
satisfied, though it be complete in one chemical sense, and has a 
real existence, yet cannot exist by itself, and therefore is not a 
molecule but a compound atom or radical, because indivisible 
without change of nature ; to become a molecule it must unite with 
another body or bodies suf&cient to satisfy its attractions. 

This applies equally to elementary and compound bodies, and 
therefore every molecule must consist of at least two atoms — 
distinct, yet united — and acting as a whole on surroimding bodies. 
Hence a piece of copper wire is not built up of atoms, as in 
Fig. 2, but the atoms are coupled together, first as molecules, as 
in Fig. 3. 

Fig. 2. Pig. 3. 
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It is evident that as regards simple elements, two atoms, whatever 
their atomicity, can form a molecule by satisfying each other, and 
this is the usual form of elementary molecule ; but there are some 
of which the molecule may probably contain several atoms, and 
others, such as carbon (§ 142) and phosphorus, which exist in 
seyeral conditions, or allotropic states, the cause of which may be, 
that the molecules in these different states contain different numbers 
of atoms, but as this has no direct bearing on electricity, it need 
only be glanced at. (See § 29.) 

9. Molecular Types. — When different elements enter into com- 
bination, the number of atoms forming the molecule will depend on 
the relative valencies of the several atoms, and hence we arrive at 
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certain tjpioal forms or molecular skeletons, to which all compannd 
bodies are related. A uniTalent atom can only join a single univa- 
lent atom, and this furnishes the first type, Fig. 4. Here the two 
atoms, I and 2, in molecule A, may be both hydrogen H' K', or 
both chlorine, CI' CI' forming the free molecule of hydrogen or 
ehlorine; if i is hydrogen and 2 chlorine we have H' CI', the 
molecule of free hydrodiloric acid; and if we substitute sodium 
for the hydrogen in this, we have Na' CI' tbe molecule of common 
salt, and if we now substitute iodine for the chlorine we have Na' I' 
iodide of sodium. Fig. 4 A, in fact, shows a molecular frame, 
which we may fill up at pleasure with univalent substances without 
destroying the molecular constitution, and when submitted to the 
action of an electric current, the body, be it what it may, which 
occupies the position of atom i, will always appear at one pole, 
and atom 2 at the other pole. 

The molecular equilibrium will not even be destroyed if we 
substitute a compound atom or radical for either or both of these 
atoms; thus returning to the sodium iodide, the iodine may be 
replaced by cyanogen Cy' (which being C^^ N' " has one attraction 
unsatisfied) producing sodium cyanide Na' Cy', and then finally 
the sodium may be exchanged for the monatomic radical of alcohol, 
ethyl C2H5 to form cyanide of ethyl. I have gone somewhat fully 
into this type, in order to give the general principle applicable to 
all — viz. that any typical atom in any molecule may be replaced 
by another atom of similar valency, without altering the arrange- 
ment of the molecule, and in so doing its chemical properties will 
only be gradually affected, according to the properties of the sub- 
stituted atoms, without changing its relations to electrical force. 



Fio. 4. Fig. 5. 
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Molecule, B, in Fig. 4, is intended to show that the same typ& 
includes bodies of higher valency, where only two atoms of equal 
valency, each satisfying the other, are contained in the molecule ; 
so that this type includes the molecules of the elements, and of 
many radicals in the free form, though A, Fig. 4, is that which is 
called the hydrochloric acid type. 

HI 

The next is the Wateb Type g; [O or HgO, in which one diatomic 

atom unites with two monatomic atoms.. 
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Here, as in the first and in all other molecular forms, each atom is 
capable of being exchanged for any other of equal value : thus, the 
hydrogen atom i may be replaced by potassium, and we have 

TT,>0'' hydrate of potash; again, 2 may be similarly replaced, 

giving 1^/ >0" or K^O, potassium oxide ; or instead of the hydrogen, 
the oxygen atom 3 may be exchanged for another diatomic atom, 
as sulphur giving xTf [S" or HjS, sulphuretted hydrogen. 

Two ideal forms of this molecule are given, because neither will 
convey the whole truth, for we may conceive that both the hydrogen 
atoms are equally held to the oxygen in water, which is the form A, 
or one of them may be held more strongly than the other. There 
is good reason to suppose that the latter is the case in ordinary 
circumstances, and that atom i of the H is more closely united 
than 2 to the O ; that HO first form a monatomic radical known 
as hydroxyl, to which the second atom of hydrogen is united. A 
strong support to this idea is found in what are called isomeric 
bodies, containing exactly the same elements in the same propor- 
tions, yet having somewhat different properties. It is evident that 
in Fig. 5 B there would be a difference according as atom i or 2 
was replaced by another element. Still, Fig. 5 A is also true, for 
both I and 2 may be removed together and replaced by a single 
diatomic atom, in which case, however, we should consider the 
type was changed to thatj of Fig. 4 B : also, under the influence 
of an electric current, there is good reason to suppose that the 
molecule takes the form A, the atoms i and 2 passing to one pole, 
and atom 3 to the other pole. It is not necessJEiry to go farther into 
the subjects of the types of molecular construction until the action 
of the electric current in electrolysis has to be considered; at 
present the main thing is to obtain a clear conception of molecules 
as the ultimate particles of matter in all its ordinary forms ; as the 
bricks, so to speak, with which the substenoes known to us are 
constructed on regular systems of architecture, and to comprehend 
that they have a capacity of separating into at least two parts, 
which are held together by a mutual attraction. 

10. It will be seen that there are thus two classes of mole- 
cules. 

(i) Molecules, which are also atoms, being indivisible without 
change, as water, and all salts and acids. These molecules are 
held together by high affinities, varying in each case, and require 
considerable force for their decomposition. 

(2) Moleculea formed of two similar atoms or radicals, held to- 
gether by their unsatisfied attractive foci, but by a feeble affinity ; 
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these are capable of division into two similar parts, and that by a 
small expenditure of force. This is the state in which exist, as 
free bodies, the elements, and those compound radicals, such as 
cyanogen, which have many of the properties of elements, though 
known to be compounds. 

11. We may conceive the molecule as representing on the 
infinitely small scale the solar system itself, which is built up 
of several systems or parts, each complete in itself, yet all linked 
to each other and forming a balanced whole : thus Mercury and 
Venus stand as single atoms, the earth, Jupiter, and Saturn, with 
their moons, resemble the compound atoms or radicals composed 
of several distinct atoms so united as to play the part of a single 
atom in the mighty molecule, which again forms but on infinitesimal 
part of the complete universe, held within it by forces acting 
across infinite space as our molecules are united into visible 
substances by the forces of cohesion, &c. 

The various chemical facts and reactions are concisely expressed 
in symbols, which generally are the first letter of the name of the 
element in English or Latin : each such symbol stands for i atom 
of the element, multiplied when necessary by a small figure follow- 
ing it a little below the line : all reactions are expressed by first 
writing in symbols the construction of the substances set to act 
upon each other, divided by -\-, and then the substances produced, 
and the two should exactly represent the total atoms engaged. 

12. NoTATioif. — There are many modes of expressing the same 
things in different formulas according to the special theory of con- 
stitution adopted, or the particular view of the matter intended to 
be described ; and there are two distinct systems in use. 

(i) The Equivalent. — This system, used in all the old books, is 
based really on oxygen (which was called lOo), and the weight 
of hydrogen which combined with oxygen being called i, the 
equivalents of other substances were afterwards reckoned from this. 

HQ 

Hence water is in this system called o = 9« 

(2) The Atomic, — This, which is called the " New Notation," is 
generally adopted in all modem chemical books. It is based on 
the fact that water contains two mecisures of hydrogen to one of 
oxygen, and this being conceived to show the atomic relations, 
water becomes H2O, and H being called i as to weight, it becomes 
necessary to call = 1 6, and in consequence most of the metals 
have their weights similarly doubled as compared with the equi- 
valent notation, while the number of atoms of those which are 
unchanged (the univalent elements) have to be doubled. The 
following example of the action of sulphuric acid upon nitrate of 
soda exhibits the two systems : 



INTBODUCTOEY. 

Equivctlent, 

Salt. 'Acid. Salt Acid. 

Na NO, + H SO, = Na ^SO, + H NO, 
23 62 I 4b 33 4B I 62 

Atomic, 



2Na NO, + Hj SO, = Na, SO, + 2H NO, 
33 62 2 96 46 96 I 62 

This means that the nitrate of soda on being mixed with snlphnric 
acid is decomposed into sulphate of soda and nitric acid. (See also 
example, § 152.) 

13. FoBGE OB Enebot. — This we know only as manifested by 
matter, nor can we form any idea of it as a separate existence ; the 
teachings of modem science tend to bring all force nnder the simple 
definition of motion, excepting as yet a power or powers of attrac- 
tion which may be inherent in the nature of matter. As some of 
the most interesting characteristics of Force are commonly over- 
looked, and thus imperfect conceptions produced, it is desirable to 
indicate the relations of energy to matter by means of a definite 
classification. Thus we may regard the forms of energy as : 

I. Forces connected with matter as such simply. The chief 
form of such force is attraction, as grayitation, the degree of 
which depends simply on the absolute quantity or mass of matter, 
without reference to its nature ; as cohesion, on which the strength 
of materials depends, though this does vary with the nature of the 
matter, and is aJso rdiated to the molecular forms ; and as adhesion 
in its many forms ; of the nature of these forces we know nothing 
as yet, but they are grouped under the term Attraction. 

II. Mechanical energy, or motion of matter as such, which, like 
grayitation, is connected with the absolute weight of matter in 
motion, and is measured by its power of overcoming the first class ; 
its common unit in England is the foot pound ; that quantity of 
force required to raise one pound weight one foot against the 
attraction of gravity. 

m. Force related to the atom of matter. Heat does not act on 
matter by weight or by bulk, but atom by atom. This discovery 
has played a very important part in chemistry of late. Each 
element has its own atomic weight, and hydrogen, being the 
lightest, is taken as unity ; thus the atom of iron weighs as much 
as 56 atoms of hydrogen, copper 63* 5, silver 108, gold 197. If 
these relative weights of the several substances are exposed to 
heat, and all raised to the same temperature, and are then each 
transferred to an apparatus capable of measuring the heat they have 
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the science, after which the applications of the force of which the 
nature has been thus examined wUl become far more intelligible 
than by piling up isolated facts, or describing mere processes, 
however practically Talnable. 

To do this in a perfectly methodical manner is always more 
difficult in a natural science than in mathematical studies, because 
it is impossible to understand the most elementary facts without a 
considerable acquaintance with the subject; and, on the other 
hand, to lay a wide foundation in elementary facts before dealing 
with their theory would not fulfil the purpose of both leading the 
beginner in the best course and showing the more advanced how to 
adopt the new interpretations and to free themselves from the 
mental confusion produced by the old theories, while at the same 
time famishing the practical man with the interpretation of the 
processes he employs. 



( 13 ) 



CHAPTER II. 

STATIC OB FBIOTIONAL ELEOTBIOITT. 

15. It is now generally admitted that mechanical motion is 
convertible into heat, and the effect of friction is a familiar illus- 
tration of this. For instance, if we turn a grindstone, it requires 
a certain force to start it, and then a certain amount to keep it in 
motion, to overcome the friction of its bearings and the air, and 
then so much more as is needed to overcome the resistance of any 
object we press against it, this body being heated in proportion to 
that pressure. If we get the stone into rapid motion, and then 
cease to work at it, it will run a certain time before stopping ; but 
if we hold against it a piece of steel, it will come to rest in much 
less time, because its motion is absorbed by the friction ; and if the 
stone is dry, we see a shower of sparks fly off, visibly exhibiting the 
transformation of this motion into heat. 

But if we cover the edge of our grindstone with certain sub- 
stances, guttapercha for instance, and establish certain other con- 
ditions, we can obtain a very different result ; instead of heat we havev 
electricity developed. When we ask, whence does this electricity 
come ? the modem doctrines I am now setting forth teach us that 
it is, like heat, the mechanical motion converted into molecular 
motion ; that which of these forces we shall obtain depends entirely 
upon the conditions to which we expose the molecules ; and farther, 
that as soon as we allow the electricity to act, it either passes into 
heat, as we see by the spark, or else does some work which 
represents the heat. 

1 5. This development of electricity by friction was observed in 
early days, and we derive the name itself from electron, the Greek 
name for amber, the substance by which the phenomenon of 
attraction after friction was flrst manifested. In later times it was 
found that many substances possess this property, and such were 
called " electrics," and those bodies which do not appear to possess 
it, " non-electrics." The distinction is more apparent than real ; 
for under certain conditions, both classes develop electricity under 
friction, the true cause of the difference being the different power 
of substances to conduct electricity, on which property is based 
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another clasBification into conductors and non-conductors : but here 
again increased knowledge has shown that no such broad definition 
can be sustained, the distinction being one of degree only, not of 
essential property. All substances are electrics, and all conductors, 
though some conduct only very slightly. Faraday, finding that 
conduction was effected by " induction " of polarity from molecule 
to molecule, introduced the term dielectric, to convey this con- 
ception, and the term is conmionly used now in the sense of a body 
which transmits electric induction, but chiefly as limited to those 
which do so slowly, or those which stand highest in the list of 
electrics. With this understanding of the meaning of the terms, 
as relative and not absolute, the classification has much practical 
value, and the following is a list of ordinary substances, in which, 
as we descend, each one is a worse electric and better conductor than 
its predecessor. 



Electrics, Dielectrics, or Non-Condactors. 



Ebonite. 

Shellac. . 

Paraffin. 

Guttapercha. 

Amber. 

Resins. 

Sulphur. 

Wax. 

Glass. 

Mineral crystals. 

Silk. 

Wool. 

Furs. 

Dry paper. 

Dry leather. 

Baked wood. 

Porcelain. 

Dry ice, below 1 3° F. 

Crystals containing 

crystallization. 
Dry earths. 



water of 



Non-Electrics, or Conductors. 

Oils in the order of their specific 

gravity. 
Metallic oxides. 
Smoky flames. 

Vapours of alcohol and ether. 
Rarefied air. 

Living animals and vegetables. 
Ice and snow, above 13° F. 
Rain water. 
Spring water. ■ 
Sea water. 
Solutions of salts. 
Dilute acids. 
Powdered carbon. 
Strong acids. 
Plumbago or graphite. 
Well-burnt charcoal. 
The metals in order, silver being 

the best. 



17, We may now pass to experiments, from which alone 
knowledge is to be obtained. This is the only royal road, for 
mere reading will never give a knowledge of science. For this 
reason I shall indicate such simple forms of instruments as anyone 
can obtain or make for themselves, but which will, if carefully 
studied, go far to demonstrate principles. The first things needed 
are a source of electricity, an indicator of its presence, and then the 
means of collecting it and examining its actions. 

18. If we take a stick of sealing-wax, or a rod of glass, in one 
hand, and rub it with a piece of dry cloth or fur, we have the 
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fundamental experiment from which electrical ecieoce grew, for we 
find that we have developed a force npon, or indnced a condition 
in, the rod which enables it to attract and repd light eabstances ; 
and the same effect may be ptodnced hy rublung a Ttilcanite comb 
on the sleeve of a coat. 

If we examine the conditions of this experiment by the light of 
advanced knowledge, we find they consist in the presence of (i) a 
dielectric in contact with (2) the condncting body of the operator ; 
(3) another electric in similar contact ; (4) mechanical motion, or 
friction of the two electrics ; and (5) separation of them when the 
friction is ended. These conditions include every instromeut 
devised for developing electricity by friction, and they may be 
appHed in the simplest form, 

iq. Teb ELBCTBOFHOBrs. — This is the simplest source of elec- 
tricity nest to the mere rod ; it has many forms, but its priaciples 
are the same aa that of the rubbed rod. A common form is shown 
in Fig. 6. a ia a circular tin dish into which is run b, which may 
be solphor or any resinous 

sabstance. A cheap electric p,^ g_ 

may be made with 8 parts of 
resin, i of shellac, and I of 
Venice turpentine or wax, 
well melted together and 
run into the dish a ; e is a 
hook soldered to the tin dish, 
for convenience of attaching 
a chain as a conductor. The 
dish forms the conductor 
frvsm the dielectric to the 
earth, as all electrical books 

tell us, an error which will ~^-^^^-^^=^-=^= " 

come up for examination by 

and by ; but whether to the earth or not, at all events through its 
snpports, snch as tables, &c., to the body of the operator, who rubs 
the face of the disc with a piece of flannel or fur, or a silh pad 
covered with electric amalgam. A means of collecting the elec- 
tricity from the surface is now required, and this is C, the cover, 
consisting of a piece of sheet melal, or smooth wood covered with 
tinfoil, and having a handle d of glass or well-baked and varnished 
wood. 

20. It is desirable here to remark that glass, though one of the 
beat non-conductora, has the property la condensing a film of 
moisture on its surface, and thns becoming a conductor. There- 
fore, those parts of electrical instruments which are made of glass, 
should, where possible, be covered with a varnish which has less 
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Bttraotion for tnoiatnre. This applies to tlie handle of the electro- 
phoniB cover, the legs of insaktrng apparatus, and the iaoes of 
electrical machines, in those parts which have not to be rubbed. 
The Tamish shoiild be moderately thin, bo as to reqnire EOTeral 
coate, rather than one of a thick varnish. I have found the best is 
made by dissolTing i lb. of ahellao in one pint of the strongeet 
methylated spirit (polisher's finish will do), and then adding to it, 
say, oii6-twentieth of its bulk of a solntioti of indiambber, jost 
thin enough to ran &eely ; a solntion in bisulphide^ of cftrbon 
answers. This, when it dries, forms a tongh coherent snrfiice, 
and adheres strongly if the glass be warmed before applying it : it 
is also a good cement for joining glass. 

Also in all electrical experiments, it is desirable to dighUy 
warm the apparatus, and to work in a room, the air of which is 
dry and moderately worm; when the air is moist, success is 
scarcely to be attained. 

31. Tbb Elbotboboofb is an instrument for evidencing the 
presence of electricity. Fig. 7 ia the simplest form, being a glass 
rod monnted on a stand, and bent at the top into a hook, turn 
which hong, by silk thread or hair, one or two pith balls. Fig.' 8 
is a more elaborate contrivance; it is a gloss bottle; on opposite 
sides of the inner surface are pasted strips of tinfoil, which are 
continued to the outside and to a brass ring fitted with a hook, to 



Fia. 7. 



Fio. 8. Fio. ! 




which chains may bo attochrf Through the cork passes a small 
tube, Slosed at the bottom to which are fiicd two strips of gold 
loaf. The bottle should be well dned and warmed and the cork 
cemented in and coated with shellac varnish when the loose 
fittings e or g- (Fig. 9) are inserted it is a simple gold leaf elec- 
troscope ; / is a metal plate covered with a coating of shellac on 
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its npper face, and -when this is fitted to the instrument and 
an exactly similar plate with an insulating handle placed upon 
it, we have a condensing electroscope. The lower plate is con- 
nected to the source and the top of the upper plate touched with 
a conductor to '^ earth " ; on removal of this conductor and then 
the upper plate, a far greater divergence of the leaves is pro- 
duced than if the source had been connected to them directly, 
as will be readily understood by the explanations given in con- 
nection with Fig. 26, §§58, 59. Connected as described, the 
leaves exhibit the same electricity as the source ; the effect will 
equally be produced if the process is reversed and the upper 
plate connected to the source, but then the leaves exhibit the 
opposite condition. 

It may also be desirable here to mention how the nature of the 
charge is to be ascertained, as the electroscope diverges alike with 
positive and negative. They are instantly distinguished by rub- 
bing a piece of ebonite, and approaching it to the instrument; 
if this is charged with +, the leaves will approach each other; if 
with — the divergence will increase ; both effects are temporary, 
and cease when Qie ebonite is withdrawn ; with excited glass the 
action would be reversed. A similar process is useful in testing 
feeble charges; if the electroscope is charged slightly with + 
electricity, when approached by a + charged body the leaves will 
increase in divergence ; on approaching a — body they will col- 
lapse. 

These instruments only indicate the presence of electricity ; to 
measure it electrometers are employed as described § 72. 

22. One of our standard electrical works says (and it is just 
what all say), '< Vitreous substances, such as glass, become electncal 
by being rubbed with certain other substances ; in this state they 
attract light bodies. Besinous substances, such as sealing-wax and 
gattapercha, become also electrical when rubbed with certain other 
substances ; in this state they also attract light substances. Bodies 
which have been once attracted by excited glass or excited resin 
will not be attracted by the same substance again until they have 
touched some body in communication with the earth, but will be 
repelled. A body ^hich, having been attracted by an excited 
ffitreous substance and is then repelled by it, is attracted by an 
excited resinous substance ; so also a body which is repelled by an 
excited resinous substance is attracted by an excited vitreous sub- 
stance." 

ly These statements are received as absolute truth by elec- 
tricians, and upon them the fluid theories of electricity are based ; 
and yet there is scarcely a truth in them which is not overweighted 
by an error, and the simplest facts even are erroneously stated. 

c 
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ELECTRICITY. 



Let 116 see, by tiie aid of the simplest experiments, which every- 
one ought to perform for himself. Our vitreous sabstance may 
be a piece of stent glass tube. (N.B. — ^It must be kept warm 
to get any good effect.) For onr resinons substance we take a 
piece of ebonite, the very best and strongest electric ; the back of 
a comb will do, or a slip cut out of a thick sheet. A silk hand- 
kerchief is the readiest exciter, or a piece of flannel will do yeiy 
well. 



Fig. 10. 



(/ 




' Fig. lo illustrates a form of electroscope devised expressly for 
these experiments, which gives effects not readily noticed in other 
forms. It is simply a brass rod a, ending in a tube through which 
slides a wire b, one end finished with a limip of guttapercha or 
glass bead, and the other with a hook, for the pith ball or balls ; 
a stand fitted with a glass stem and a short socket, in which a can 
be inserted, and also available for other purposes, completes the 
instrument. 

24. Let a pith ball be suspended by a very fine and dry hair 
or silk fibre, and the excited electric be presented ; the ball 
will be first strongly attracted, and then steadily repelled; but 
if an excited electric of the opposite order be presented it will 
attract the ball, and then, if capable of reversing its charge, will 
repel it. 

Hence it is stated, as a fundamental law, that bodies similarly 
electrified repel each other, vihich is not true, so stated. Moisten 
the suspending fibre slightly, or substitute a ball suspended by a 
very fine wire, and no reptdsion will occur ; the ball may be led up 
above the stand, and the electric raised slightly till a point is 
reached, at which the ball will float as it were in the air, the 
attaching fibre hanging loose, apparently having nothing to do 
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with the ball, which thus acts the part fabulously attributed to 
Mahomet's coffin. Why does repulsion occur in the one case and 
not in the other ? If the excited electric be held over a table on 
which are laid some loose pith balls or pieces of paper, &c., these 
will fly up to it, and back to the table, rapidly repeating this 
process till the electric excitement is considerably reduced, or till 
the electric is taken farther away ; then the Ught bodies will 
firmly adhere to its surface. If the supposed repulsion really 
existed, it is obvious that these bodies, which are of course simi- 
larly electrified by contact with the electric, could not he held 
firmly to it. If the electric when excited be placed apart from all 
surrounding bodies, in a dusty atmosphere and in a beam of light, 
it will be seen to attract the floating particles and hold them 
without at all repelling them after contact. In fact, the repulsion 
is only apparent, the real cause of the motion is to be found in the 
attraction exerted by the surrounding bodies. 

If two balls are suspended side by side and touching, by dry 
hairs, they act like the single one, first touching and then flying 
from the electric; on removing this, they fall together, but will not 
quite touch; they apparently exert a mutually repulsive action, 
which increases on the approach of the electric, and also if on each 
side an unexcited body is approached. If, while the balls are 
separated by this apparent repulsion, an excited electric of the 
opposite order is brought near, they will fall together : the hand 
which holds the charging eleclaric itself, or a finger of the other 
hand, will also act as an electric of the opposite order. 

These experiments may be varied in almost endless forms, and 
the actions noted with various suspending fibres, and with the 
stand of the electroscope insulated or connected to earth : from 
them, and others to be considered later, are derived the various 
theories of the nature of electricity. 

25. The Two-Fluid Theory. — When it was found that the 
electric excitement produced by glass was opposite in its nature 
to that existing in amber and resins, the earlier experimenters were 
led to imagine that there were two ''fluids" pervading matter; 
that each of these fluids exerted a strongly repulsive action on its 
own parts, or bodies separately charged with itself, but that each 
fluid had a strong attraction for the other, and both a strong attrac- 
tion for ordinary matter ; that in the ordinary condition of matter 
the two fluids were united in equal proportions, being thus neutral- 
ized and adherent to matter. Some have supposed that the two 
fluids when thus united constituted another hypothetical fluid, 
caloric, or heat. 

It was supposed that by friction of some substances, thence 
called electrics, these two fluids were separated, the one remaining 

c 2 
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on the surface of the electric, the other on the rubber, snd that 
from these either could be transferred to insulated bodies, that is, 
to substances which furnished no pathway along' which the dis- 
united fluids could find a way to the re-union intensely sought by 
both. Hence, when a charged body or an excited electric is pre- 
sented to a light movable body^ the latter is drawn towards it by 
the attraction of the fluid for matter; as soon as the charge is 
equally divided, the self-repulsive property of the fluid causes the 
two bodies to be repelled, and then if a body similarly charged 
with the other fluid is within reach, attraction occurs, the fluids 
re-unite, with a spark if the quantity and tension are great, and 
resume their usual neutral state. But if there is no such oppositely 
charged body accessible, any body in conducting connection wiiii 
the earth will enable the charge to dissipate itself, as some say, 
because the earth is a comparatively infinite reservoir of both 
fluids, but more simply and more in accordance with the theory 
itself, because it presents an unlimited surface and body of matter : 
and the fluid distributing itself over all surfaces and matter to 
which it has a conducting path, the charge, which is great upon 
the small surface of the electrified body, becomes nothmg when it 
has the whole earth to spread itself over. This hypothesis was 
built upon the phenomena of frictional electricity, and of these it 
furnishes a moderately satisfactory explanation. 

26. The One-Fluid Theoby was devised by Franklin, as more 
simple than the other. He supposed that there was one electric 
fluid pervading all matter, possessing a strong attraction for matter, 
but being strongly self-repulsive : matter in its ordinary state has 
in connection with it so much fluid as satisfies the mutual attrac- 
tions, but when certain bodies (electrics) are rubbed, some absorb 
part of the electricity from the rubber, and thus become positively 
charged with this overplus ; others part with their proper electricity 
to the rubber, and thus remain themselves negatively charged. As 
with the other theory, the earth is supposed to receive the electricity 
driven off, or to supply any quantity of it when needed. This 
theory also explains the ordinary phenomena of static electricity, 
and on it Berzelius built his electro-chemical theory, which ruled 
chemical science for many years, treating the relative affinities of 
different substances as due to the relative proportions of electricity 
belonging to them. 

27. All the terms of electrical science have grown up from 
these theories, and hence we have 



VlTBEOUS. 

Positive 

+ 



\ Eesinous. 
and > Negative 



Electricity. 
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Also the words charge, quantity, conduction, accumulation, and 
distribution, which imply the passage of something having a real 
separate existence; these and similar terms we are obliged still 
to use, but I will define the meanings they are to convey in this 
work. The last terms and their signs will be those used, as they 
are generally known, but they will not be used as conveying the 
idea of an excess or deficiency of a fluid, but simply as expressing 
opposite polaritieip of matter. 

28. Thb Moleoulab Theobt was founded by Faraday in his 
memorable experiments on induction, but it has since grown with 
the growth of the other sciences ; it is a necessary sequence to the 
now established doctrine of heat being motion, and is intimately 
connected with the more modem and rapidly advancing doctrines 
of chemistry. Simply stated it is, that electricity has no existence, 
but the phenomena we call electrical are due to properties and 
motions of the molecules of matter, to comprehend which we must 
now return to the consideration of the molecules themselves and 
their mode of arrangement into the usual forms and substances 
known to us. Of late there has been a tendency to attribute the 
actions of electricity to motions of the supposed ether (see § 5),' 
which is considered to be in some way condensed upon the material 
molecules : this idea is naturally most favoured by mathematicians ; 
it is unnecessary to consider it, and to all bat trained mathematical 
minds it is nearly incomprehensible, and appears only a modifica- 
tion of the old one-fluid theory: if the ether is so condensed, -it 
becomes a part of the material molecule and the cause of its actions, 
and therefore all that is really known can be studied by considering 
the molecule as possessing certain properties now to be studied, 
leaving in suspense, as beyond our present knowledge, the cause 
of those properties. 

29. Our former consideration of the molecule (§§ 8, 9) related to 
its chemical constitution. We have now to examine its physical 
character — internal, as regards the manner of its existence and 
breaking up, and external, as to its attractions for and relations to 
other molecules ; and we have to consider it as a body composed of 
two distinct parts linked together, but acting also as a whole from a 
common centre. Tyndall's words, when describing the actions of 
light, heat, and pressure on gases, convey the idea very fully: 
^ Molecules do separate from each other when the external pressure 
is lessened or removed, but the atoms do not. The reason of this 
stability is that two forces — the one attractive and the other repulsive 
— are in operation between every two atoms, and the position of 
every atom — its distance from its fellow — is determined by the equi- 
libration of these forces." " The point at which attraction and 
zepnlfiion are equal to each other is the atom's position of equilibrium. 
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If not absolutely cold — and there is no sncli thing as absolnte 
coldness in our comer of nature — the atoms are always in a state 
of vibration, their vibrations being executed across their positions 
of equilibrium." 

This means that the internal attractions of matter draw the atoms 
together ; the forces of heat, &c., as motion, tend to separate them ; 
and (the molecule being constituted by the balance of these forces) 
additional force tends to separate tike atoms, and break up the 
molecule. We may now simplify our conception by Fig. i la, in 

which we represent the two halves of the 
Fig. 11. molecule as vibrating, under the influence of 

the undulations of heat, on a central point 

and vertical line. 

Now suppose a force exerted which either 

intensifies iliose oscillations, as, for instance, 

heat, or which sets up a revolution of the 
I entire molecule on the same centre and line, 

^O ^Ol^O ^ ^^^ effect would be to alter the molecule to 
j Fig. 1 1&, in which it is obvious the internal 

attractions are weakened. If we now con- 
ceive a line of such molecules. Fig. iic, we see that there must 
come a time when the atomic attractions will be greatly weakened 
internally and partly exerted on the corresponding or complemen- 
tary parts of neighbouring molecules. In this state the substance 
may be said to be polarized. The degree of this tendency would 
be called its tension, being the strain upon the attractive forces ; as 
this increases there comes a period when the molecules break up 
and re-form, as shown in Fig. iid. This will be a discharge. The 
extreme atoms here may be considered either as forming parts of a 
continued chain, or as set free. 

Faraday's theory of induction by polarization of adjacent mole- 
cules, though the origin of this conception, is very different from 
it ; he was treating of the actions of a body charged with one kind 
of electricity, and the mode in which it pit)duced electrical actions 
on surrounding bodies, but later discoveries have developed that 
theory of the effect of electricity in the form of charge, into a 
theory of the source or cause of electricity itself: this theory, which 
is the one adopted in this work, may be thus defined. 

Electrical action is developed only when a complete chain of polarized 
molecules can he formed. When that chain is wholly composed of 
conducting molecules, dynamic electricity is manifested ; when the 
chain is partly composed of non-conducting molecules, we have 
static electricity. The distinction between the two is the presence 
or absence of the conditions of discharge. (See also § 32.) 

30. We are now ready to examine flie conditions under which, 
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and the reasons why, Mction develops electricity ; and first, one 
glance at the utter improbability of the *' fluid" explanation of 
this. The fluids have a strong attraction for each otiier and for 
matter, yet the rubbing of two substances together is sufficient to 
separate the fluids from each other, and the matter with which they 
are in quiet union. They have a strong repulsion for themselves, 
yet, in addition to overcoming these attractions, we collect these 
self-repulsive fluids into separate reservoirs. At the instant of 
doing so these reservoirs are in actual contact, yet the fluids do not 
reunite there, though they will do so with great violence when 
again brought into somewhat near neighbourhood, and travel any 
distance to get the opportunity. 

Looked at thus, it is obvious that such a theory could only have 
been formed in the determination to make some land of explanation 
of striking phenomena newly discovered, and that it has held its 
ground simply from habit and the gradual training of everyone's 
mind to study the phenomena only by means of it. 

Whenever two solids or a solid and a liquid are rubbed together, 
electricity is developed ; gases do not apj)ear to produce this effect, 
but we need attend now only to the special phenomena of ordinary 
electrical excitement. We have hitherto treated glass as becoming 
positive by friction, developing vitreous electricity, but this is not 
an absolute fact ; if, instead of a piece of silk for a rubber, we use a 
piece of cat's-skin, the glass becomes negative. The exact relation 
between various substances is stated variously by different experi- 
menters: the following list (given in Ganot's ' Physics,* and probably 
the most correct) shows the bodies which when rubbed together 
develop positive electricity in the first and negative in the one 
which is lower in the list : 



+ Cat's-skin. 


The hand. 


Shellac. 


Glass. 


Wood. 


Caoutchouc. 


Ivory. 


Sulphur. 


Hesin. 


Silk. 


Flannel. 


Guttapercha 


Bock crystal. 


Cotton. 


Metals. 



We may certainly deduce from this list, that the nature of the 
substances in friction has a great deal to do with the result, and 
probably the most complete examination into this point was made 
by Coulomb, whose conclusions were, that those bodies whose parts 
are least disturbed by the friction tend to become positive, par- 
ticularly if compressed; those which are most disturbed become 
negative, especiidly if dilated. 

31. This implies simply that molecular disturbance is the cause 
of the electricity ; and the deduction is very plain, that when two 
fjiHRiTnilftr substances are rubbed together, a certain amount of 
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adhesion is prodaced, and adhosion is attraction of a natnre closely 
resembling cohesion; it is simply an external attraction, as co- 
hesion is an internal one. This attraction, therefore, is to some 
extent opposed to the natural state of the bodies ; it tends to draw 
the superficial molecules away from their neighbours ; the opposing 
or complementary halves of these tend to unite, and therefore the 
internal attraction of the molecules themselves is weakened — ^they 
are polarized; Fig. 12 conveys an idea of this effect. The snper- 
p .^ ficial molecules react on their neigh- 

bours ; and a complete chain of excited 
^ • polarized molecules is formed, along 
I which is transferred the motion ar- 
\y) y; /^; ^J — ^ rested by the friction, or rather the 
WWW w^ • mechaniod energy which but for the 

^ friction would have generated motion. 

It does so in any case ; but if there be no resistance it effects that 
which we see and familiarly call motion ; if there is resistance, we 
have the motion among the molecules, which is electricity, and 
this again exhausts itself by transmission to neighbouring matter 
in the vibrations of heat. If the two superficial rows of mole- 
cules are readily susceptible of mutual decomposition, immediate 
discharge occurs, if that is rendered possible by the whole chain 
of molecules being conductors, and then no static effects are 
produced. 

Hero we have a simple theory which unites Static and Dynamic 
electricity, and explains alike the excitement by friction, contact, 
chemical action, and heat. All are due to calling into action the 
latent attraction between what for convenience we may call the + 
and — atoms of different "molecules, thus weakening the + and — 
attractions mtJdn the molecules, by means of some force, motion, or 
heat. This theory also includes in one the two long-contested 
theories of dynamic electricity, the Contact and the Chemical, as is 
explained § 259. 

Now, returning to Fig. 1 2, let the line of dots c represent the 
molecular chain, which is shown variously formed to convey the 
idea of the different substances which may compose it. If we 
separate the two surfaces, the intervening air is polarized, and 
keeps the chain complete. Headers will now see l^e explanation 
of the experiments § 24. When we rub the electric the chain is 
formed through the body. On separation it completes itself 
through the air, showing tiie one hand holding the electric +9the 
other hand— , or the reverse. On presenting the electric, the 
ball, coming within the circles of polarized molecules, is itself 
polarized and attracted. It then sets up its own circle of polarity 
through its suspending fibre, supporting rod, down the stem, and 
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across the air, and hence all the resulting phenomena of attraction 
and repulsion; for this reason also the results are so different 
when the suspending fihre is non-conducting or conducting, inas- 
much as on that depends the road through which the effort to 
discharge must be made. 

32. The foregoing remarks show the new meanings which, in ac- 
cordance with tibis Iheory, must be given to the old terms of tension 
and discharge. Polarization already bears this meaning, though 
it has also been applied to some other phenomena. But though 
*' discharge" is described as the breaking up and re-formation 
of molecules, it is most probable that it includes another pro- 
cess. This is the simplest to conceiye, and is certainly that which 
occurs whenever chemical action takes place, and probably, there- 
fore, in all passages of electricity through liquids, as explained 
§ 2 80, on electrolysis. But it is possible' that the molecules transmit 
the motion without being themselves broken up. We do not 
understand yet what cohesion is, but it is certainly an attraction 
between the molecules, acting from their centres, in a manner 
analogous to the action of the atoms on each other ; hence we may 
readily perceive the probability of another kind of polarization, 
consisting of a tendency to form groups of molecules, and to effect 
discharge through the extra molecular forces of cohesion, instead 
of through the atomic or chemical attractions within the molecules. 
This subject has not as yet been examined, and indeed the task is 
a very difficult one, though it will well repay those who have the 
power to examine it, for here may possibly be found the explanation 
of the differences of action of electricity on different bodies, and 
their relative conductivity, as depending upon the forces either of 
atomic attraction or molecular cohesion, and the energy required 
to overcome either of these according to circumstances. The same 
explanations and the same diagrams will however equally convey 
the idea, whether we consider that Figs. 11 and 12 represent the 
single molecules breaking up, or groups of molecules doing so, 
because the figures are not pictures of the things themselves, but 
merely an endeavour to realize ideas as to their actions. 

33. The fundamental laws which experiment has thus far 
developed are : 

(i) Electrified substances attract neutrai substances, and then under 
certain conditions repel them. They do so by polarizing their con- 
stituent molecules, and then, if the electrified body be in a + con- 
dition, attracting Ihe — side of the attracted substance. 

(2) Substances dissimilarly electrified attract each other. That i% 
bodies, the external molecules of which present, one their + ex- 
tremities, the other their — extremities to each other, are mutually 
attractive. 
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(3) Substances similarly electrified repel each other. That is, 
there is no attraction between the two molecules presenting their 
+ or — extremities to each other, and they apparently repel each 
other. (See § 40.) 

These are the ordinary electrical laws (for a scientific law means 
the statement of a natural fieust), interpreted according to the mole- 
cular theory. The old theories assume that a l^y could be 
separately diarged with + or — electricity. The facts which lead 
to this supposition are explained by the molecular theory thus : 
The molecules being policed and unable to discharge, are for 
the time fixed with their 4- or — extremities outwards, and the 
phenomena called charge^ which are next to be considered, present 
themselves at those points of the polarized chain where a change of 
the nature of the molecules forming the circuit occurs, as at a 
surface surrounded by air. The molecules of that surface appear 
to form the termination of a conductor, and are called poles, or 
charged bodies, according to the circumstances. Beally they are 
only points at which the action is manifested, because there it 
passes from one class of molecules into another dass, and it is only 
manifested by furnishing it a new molecular path. They resemble, 
in fact, the poles or electrodes in a chemiccd decomposition cell. 

So attraction does not take place directly between the electrified 
and attracted bodies ; the electric develops chains of excited 
molecules, among which the attracted body is suspended. Its 
molecules take part in the action, but being held together by 
cohesion, are obliged to move as a whole in the effort to discharge ; 
its motions are thus representative of the invisible molecular 
motions, and are also a restoration as mechanical motion, of the 
primary motion, the arrest of which by friction produced the elec- 
trical molecular tensions and force. 

34. The action of the electrophorus will exhibit many of the 
principles of electrical science, though we cannot obtain from it 
any very striking effects like those of powerful machines. A very 
convenient and simple form consists of a glass and ebonite disc 
(the glass merely for noting differences of action), provided with a 
cover like Fig. 6, and a stand of wood, somewhat larger than the 
disc ; this may be made either of one piece, or preferably of two 
cemented together with resin melted with a little boiled oil ; the 
grains crossing prevent any tendency to warp. The wood should 
be thoroughly baked, well covered with shellac varnish, and sup- 
ported by iSaree feet of ebonite rod or guttapercha to form an 
insulating stand. The upper face should be covered all over 
with tinfoil, connected to a small hook screwed into one side for 
attaching chains to. On the edge of the face should be three studs 
or pieces of wood cemented so as to hold the disc in its place when 
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rubbed. These stands serve also for many experimental purposes, 
and may be used as an artificial *' earth." To use the apparatus 
for examining the principles of the eleotrophorus place the ebonite 
disc on the insulated stand, rub it well with a silk. handkerchief, 
and apply to its face a j^oof plane. This is simply a miniature 
cover, a piece of metal or wood covered with foil, and momited on 
a glass handle; it is well to have a variety of these of various 
forms and sizes, providing them all with a piece of tube or a wire 
at the back, to slip on a glass handle or a stick of shellac. On 
touching the ebonite with this and presenting it to the pith ball 
electroscope it will be found that there is no action. Now this 
may arise from two causes, and therefore the true principle must be 
explained. 

35. It is generally considered that when an insulated body 
touches a charged one, the two become one as fiEff as the electricity 
is concerned ; that this distributes itself over both sur&ces, and 
when these are separated, each is supposed to retain its propor- 
tionate share of the '' fluid." The proof plane is so employed in 
many cases, but it acts differently on the electrophorus, a &ct 
which throws great light upon the true but ill-understood nature of 
'' Charge." The electrophorus is apparently, to all intents, a 
charged body, for its feice, if resinous, is in a purely negative or — 
state, yet if we apply the proof plane and remove it we shall only 
discover a faint charge by very delicate instruments. To obtain 
electricity on the plane we must touch its upper face with a con- 
ducting body, in what is called " connection to earth " ; practically 
the operator's finger will serve, but for the sake of theory the con- 
nection should be a piece of wire attached to a chain, which drops 
on. the floor, or is hung to a gas-pipe. This is also the way in 
which the electrophorus is used for any purpose ; it is excited by 
friction, the cover placed on its face, touched on the upper surface 
with the finger, which is then removed; the cover when now 
raised is found to be charged, and sparks may be drawn from it. 
The instrument, when excited, will retain its powers for a long 
time if the cover be placed on it ; in a dry air it may retain its 
charge for days or wedcs, ready to give a spark without fresh excite 
ment. But only very moderate effects will be produced with the 
stand insulated. By dropping a chain from the hook to the floor, 
a much greater effect is observed, and still more if, while rubbing, 
this chain be held in the hand or connected to the rubber. We 
thus carry out the principles of § 18, and facilitate the forming of 
the polarized circuit, though we may entirely dispense with the 
" connection to earth " so strongly insisted upon in most electrical 
works. The cover or proof plane thus applied to an electrophorus 
is in the opposite electric state to that of the disc itself, or that it 
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would assTime by what is more properly called *' Cliarge " by simple 
contact. 

36. The explanation of these phenomena on the flnid theory is, 
that we collect free — electricity on the disc, and this attracts the 
+ of the cover towards it and repels the — ; if we simply remove 
the cover these re-combine, and no free electricity remains npon 
the cover ; if we touch the cover the — electricity on the upper part 
escapes, and thus when the cover is raised it remains charged with 
+. This explanation is delightfully simple, if we ignore the 
fdndamental absurdities of the fluid theory itself, already pointed 
out, as well as the special difficulties of the case, such as that when 
the — electricity has gone to earth, there is nothing to prevent the 
— of the disc imiting with the + of the cover and dividing their 
united selves between the relative bodies, instead of undergoing 
forcible separation when the cover is lifted. Still, there is an 
apparent simplicity in the doctrine, which iBxplains its acceptance 
at a time when little or nothing was known of the molecular con- 
stitution of matter, and the atomic theory of chemistry had not yet 
been conceived. 

37. The molecular explanation now to be considered has the 
disadvantage of requiring some knowledge to understand it, and 
therefore will not commend itself to those who have not fully 
digested the ideas as to the constitution of matter presented in 
§§ 2-13. The friction polarizes the surface molecules, and these 
their neighbours below in one direction, and the rubber, and body 
of the operator, in the other ; afterwards the face of the disc and 
the stand establish circles of molecules polarized, but to a very feeble 
teiision, because they are not limited in number, every molecule 
dividing its actions among those which come within its spheres of 
attractions. When the cover or plane is laid on the disc, its mole- 
cules form part of these chains, and are polarized, but when 
removed, they pass out of the lines of action, and therefore show 
no result, the molecules falling back into their ordinary condition ; 
but if touched with a conductor connected to the back of the disc, 
the whole action takes place in that conductor, and the conditions 
of discharge are present except in the substance of the disc itself; 
the breaking of tiiis chain suddenly while in a state of tension 
prevents the molecules of the plane from returning to their normal 
condition when it is removed from the disc ; they still are under a 
strain which compels them either to remain locked, as it were, 
with their + or — ends all outwards and under the induction of 
the surrounding surfaces, all in connection with the source of the 
excitement, or else to form new circles for themselves. Under 
either condition they must present the appearance of being inde- 
pendently charged and fresh sources of action ; and as their mole- 
cules would be so arranged during the first part of the process as 
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to tend to union with those of the disc, it is evident that in the 
subsequent stages their polarity, and hence their electrical reac- 
tions, would necessarily be the opposite of those of the disc itself. 

38. It should be noticed that an excited electrophorus does not 
itself present the ordinary signs of excitement; a single stroke 
upon a piece of ebonite with silk or flannel will so excite it, that 
when presented to a well-insulated pith ball this will be attracted 
and then repelled with great violence, but if the electrophorus disc 
be presented after sharp friction, it has only a feeble attractive 
power ; owing to the wide circles through which the polarity is 
transmitted, and the consequent low tension of all the moleculee, 
together with the great resistance to discharge of the materials of 
the electrophorus itself. 

39. In working for discovery it is requisite to experiment first 

and then seek the interpretation, and this is a good mode of 

instruction also ; but, on the other hand, an experiment, and, still 

more, a description of one, is far more intelligently studied when 

its object is understood ; and for this reason, before proceeding to 

the details of the laws and experiments of charge, it may be well 

to first explain the general principles, although to understand them 

fully requires acquaintance with the details which will follow. 

The expressions of most electrical writers are such as to justify 

the common notion that either positive or negative electricity is 

capable of separate existence, isolated from, and independent of, its 

opposite. Yet all admit this general law, (4) One electricity can never 

he produced without producing at the same time an equal quamtity of 

the other. Thus, in friction, if the electric be + , the rubber is — .; 

so also in a battery, one extremity is +, the other — ; and in a 

Leyden jar if the inner coating is positive, the outer is negative. 

All theories include this law, because it is a simple fact ; but it is 

an inevitable consequence of the molecular theory, for the molecules 

necessarily have two opposite sides, and the reactions of these sides 

are the causes of the phenomena. But the fluid theories assume 

that, having produced separation of the two electricities, one of 

them may be dismissed into the earth as the common reservoir, or 

infinite conducting surface, leaving the other free and isolated. 

This assumption is attended with many difficulties, all of which 

the molecular theory disposes of by doing away altogether with 

the supposed function of the earth, which really acts simply as 

any other conductor does in dynamic electricity, and has nothing 

at all to do with static electricity. 

When we work an electrical machine, we must lead a chain from 
the rubber to the floor or gas-pipe, or else we can obtain only a 
very slight effect. Hence the idea that we make a connection with 
the mass or surface of the earth itself. But what we really do is 
to form a connection, by means of moderately good conductors, with 
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the tBoUi of the room. The effect is to produce a large Burfifcce po- 
larized under feeble tension, and then the whole of the air in the 
room is polarized and completes the electrical circle. The room 
becomes, in liebct, a large Leyden jar, of which the dielectric air re- 
presents the glass. The charged bodies or prime conductor is the 
inner coating, and the walls of the room the outer coating. Thus, 
when another insulated body touches the first, it does not, as gene- 
rally supposed, take part of its free electricity. It simply enlarges 
the " inner coating," and, of course, in doing so proportionately 
lowers the tension of the polarization of the surfaces. Fig. 1 3 re- 
presents this. + is the 
charged body, with all its 
molecules presenting their 
-I- extremities outwards : 
a is the earth connection 
conveying the polarization 
to the walls of the room, 
which are thus rendered — , 
and h h are the molecules of 
' air completing the chains. 
This explains why anyone 
at all near an electrical 
machine in action experi- 
ences a peculiar tingling 
sensation. His body is in 
the path of polarization, and 
as he is a better conductor 
than the air, a good part of 
the circuit is concentrated in his body. All the small superficial 
hairs rise and point on one side to the nearest wall or other bodies, 
and on the other with still greater intensity to the machine. This 
happens if he is insulated, but if he is in some degree of electrical 
connection with the walls and floor, the nearer he stands to the 
machine the more he represents the outer coating. He is, in fact, 
electrified, not, as might be supposed, by the machine and with the 
electricity of the conductor, but with the opposite, because he com- 
pletes the polarized chain, while, if insulated, he will be + on one 
side and — on the other. 

40. At this stage it is proper to remark that, without absolutely 
denying the existence of electrical repulsion, the experiments on 
which tiiat doctrine is based are mostly illusory. Thus, with the 
common experiment, the head of hair, the hairs set as far^as possi- 
ble from each other truly, and hence it is universally stated that 
they do so because, being all charged with the same electricity, they 
repel each other ; but the fact is, they are simply molecular chains 
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attracted by the walLs of the room, and by tending to them they 
assume the appearance of mutual repulsion; but if we hold our 
hand towards the head, the hairs at once all tend to it. It is true 
they still retain curved forms, which appear to result from repul- 
sion among themselves, but really those curves are just the figures 
which the laws of resolution of forces require to result from the 
separate attractions of the hand and the walls. So also with the 
pith ball ; it hangs perpendicular when charged, because it is at- 
tracted all round nearly equally. If we approach to iirihe excited 
electric, or another body charged with the same electricity, it is 
repelled, at least, apparently. But, really, we neutralize all the 
attractions acting on it from one point, the new body absorbing 
them, while the others are in fiill action, or even intensified by the 
increased polarities, and of necessity the ball goes off in the direc- 
tion of the remaining attractions : so two balls repel each other by 
absorbing the attractions on one side. And so in other cases, the 
apparent repulsion is due to the weakening of resistance to another 
attraction ; the case is analogous to that of a counter-weighted body 
held down to the earth by a string ; if we cut the string up flies 
the body, but not, surely, from any repulsion between it and the 
earth. It is the superior attraction of the earth for the counter 
weight which causes the apparent rise and repulsion, these being 
really a descent and attraction. 

41. Induction. — ^This term is so frequently employed in elec- 
tricity that it is necessary to define fully the idea it is intended to 
convey. Generally it may be said, that any molecule when " polar- 
ized" induces all others 

within its influences to ^^®- !*• 

follow its example, that tf~)0^^ 

is to say, employing the ^^^^^ i ^ ^ 

true meaning of the word, ^/ ^#5^ 

it draws them into the xj^ ^^L 

same systematic order: J^ ^J^ 

in like manner a magnet /+\ j ©ft ®^ 

induces magnetism in WSf 9996 

neighbouring bodies sus- ^^ 999 

ceptible of becoming ^L^ 99 

magnetic, and an electric ^r^ >^I^ 

current induces a current ^•r^ ^ _ ..^^ 

in neighbouring con- 
ductors. - This power 
results from the c(mstitution of the molecule, as defined § 29, when 
under the influence of " polarization," which directs a portion of 
its constituent energy externally. 

In Fig. 14 a is the primary molecule, the point of origin of the 
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polarizing force acting in both directions and on each side, inducing^ 
its neighbour to turn towards it that side for which it has the greatex* 
attraction. Thus its + Bide acts on the molecules h and its — on 
molecules c, seeking on each side the most rapid and shortest course 
to complete its chain. The collection of molecules d represents the 
passage from a good conductor into a dielectric, as from a charged 
surface into air, where the energy or tension is distributed over a 
number of chains. 

42. Elbotbioal Maohinbs. — Static electrical machines may be 
divided into two distinct classes. 

(i) Frictional machines, in which the electric is constantly 
excited by friction and as constantly discharged into a reservoir of 
force ; this class includes the plate and cylinder machines. 

(2) Induction machines which operate on the principles of the 
electrophorus. The electric is excited by Motion at the commence- 
ment of operations, but is not itself discharged; there is no 
continued friction, or only sufficient to sustain the charge, but suc- 
cessive actions of inductive charge, and discharge into a reservoir 
are effected. 

The principles of the frictional machine are those laid down 
§ 18. There is (i) The electric to be excited, the plate or cylin- 
der. (2) The exciter or rubber. (3) The mechanical motion 
generating friction. (4) The circuit of polarization, which here 
includes the " separation," because part of it must be non-conduct- 
ing. (5) The reservoir of force — the prime conductor, as it is 
called, but which is strictly a part of the circuit of polarization, 
though most conveniently considered separately. 

I. The Electric. — This is usually glass, in which case the charge 
from it is positive ; but it may be any solid dielectric, and the 
first machines were globes of sidphur. Guttapercha may be used, 
and has been employed in the form of a band stretched between 
pulleys: electrical machines have been thus generated uninten- 
tionally in manufactories where guttapercha belting is employed, 
and some fires have been caused by sparks given off from such belts 
running over wooden pulleys. The best electric of aU is ebonite, 
but it has a serious economic objection, as its surface roughens and 
deteriorates after continued friction. It is subject also to the for- 
mation of a film of sulphuric acid upon its surface, owing to the 
action of the ozone which is produced when the machine is worked, 
and which is the cause of the peculiar smell perceived : for this 
reason it is desirable to coat with shellac all exposed ebonite sur- 
faces not to be exposed to friction. Glass is, however, the electric 
usually employed, because it is cheap and enduring ; it has, how- 
ever, tiie great drawback of condensing moisture on its surface ; as 
to which see § 20. 
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The quality of the glass is of some moment, the hardest, con- 
taining most silica, is best, hence crown glass, such as window 
sheets are made of, or that from which common pale green coloured 
bottles are made, is better than flint-glass or crystal. A cylinder 
machine may be made of a large bottle, if one is selected with 
straight sides and polished surface ; the latter is important, as a 
rough surface does not generate electricity well, as only the salient 
points come in contact with the rubber. Ther6 is also a difference 
of electromotive power between smooth and rough glass ; if the 
two are rubbed together and tested, the smooth is found to be posi- 
tive, and this agrees with Coulomb's deductions before mentioned, 
because the particles of the rough surface must be most disturbed. 

II. Uie Exciter or JRvbber, — ^This part of the instrument being 
treated as a very subordinate matter, is seldom made upon true prin- 
ciples. It should present as large a surface as possible to the electric ; 
in a cylinder it should reach within an inch of the ends, and in a 
plate machine to a moderate distance from the axis, so as to utilize 
the surfEUje as much as possible ; it is best made of a tough but soft 
leather, well stuffed with the best horsehair to give a firm and 
even but elastic pressure on the surface ; it should be insulated 
carefally, but be itself conducting, and provided with the means 
of connection ^'to earth" or to apparatus. These principles can 
be carried out thus. The back of the pad should be metal, pro- 
vided with a stout wire for a connection, and a few fine wires may 
be mixed with the horsehair stuffing ; the leather covering can be 
secured to the metal back, and then this back may be cemented to 
and buried in a piece of stout sheet guttapercha or ebonite, by 
which the pad can be secured to, but insulated from, its supports, 
which should be provided with screws to regulate the pressure of 
the rubbers. The face of the rubber is covered with amalgam, 
and on the edge £rom which the motion approaches the rubber a 
slip of stout tmfoil should fold over slightly to make a connection 
between the amalgamated face and the metal back or conductor, 
and £rom the same edge should fold over a piece of soft silk, 
forming the real face through which the amalgam finds its way, 
and acts much better than when it is freely in contact with the 
glass. From the other edge of the rubber extends the flap, which 
covers the surface of the glass where excited, and reaches close to 
the points which take the electricity to the prime conductor. It 
should be made of good stout black silk, sewed to the edge of the 
pad so as to touch the glass directly it leaves the pad, and outside 
the black silk should be another, slightly smaller, of oil silk. In a 
cylinder machine this flap is simply a straight piece lying on the 
glass, but in a plate machine it is cut to the shape of the disc. 

III. The Mechanical Motion, — This includes the mounting from 

p 
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which the motion is to be imparted. Either plate or cylinder is to 
be firmly mounted on an axis ; for small machines this may be of 
hard wood, thoroughly baked and saturated with paraffin ; in larger 
instruments this axle must be of metal, in which case it must 
be carefully insulated in every possible way. The beat way of 
securing a plate to its axle is to have two loose collars of prepared 
wood fitting tightly on the axle, and thick enough to take firm 
hold of it ; the plate is fixed between these, and all the surfaces 
being well supplied with shellac varnish, aU the parts are com- 
pressed together till thoroughly set and then covered over with 
several coats of varnish. The supports may be made of baked 
wood, mortised in the stand. Usually in plate machines this is 
little attended to, as the pads are often fixed to them, and they 
provide an imperfect connection to earth through the wood, bnt in 
this case only one electricity can be utilized, while by carefully 
insulating the rubbers we can use either; therefore if wood is 
used it should be made as non-conducting as possible, and the 
holes through which the axis is to work may be bushed with pieces 
of stout glass tube, the bearings being in loose pieces of wood 
screwed to the sides of the supporting frame ; an ordinary winch 
handle gives the motion, that part of it which is grasped by the 
hand being a stout glass tube free to revolve over the handle. 

IV. The Circuit of Polarization. — This, starting from the two 
faces of the rubbers and electric, is carried by the motion which 
thus produces the " separation " under the points of the prime 
conductor, then, crossing the narrow stratum of air in the form 
of small sparks or a constant luminosity, to the surface of the 
conductor ; thence across the dielectric, the air of the room, to the 
walls, where it meets the corresponding action which, starting 
from the rubbers through the eartii chain or connections, such as 
the table, polarizes in the opposite direction the surface of the 
walls. In charging a Leyden jar or other apparatus, part or all 
of the action is concentrated there, the two coatings forming the 
circuit with the material of the jar between them instead of the air. 

V. The Prime Conductor, — This is the reservoir of force ; on its 
size depends the nature and length of the spark. It usually con- 
sists of a large brass tube, and is a somewhat elaborate and expen- 
sive affair. This is by no means necessary when we rightly 
understand its objects; all that is really essential to it is the 
collecting portion ; this is simply a coarse comb or a row of metal 
points fixed in a rod, and it is well to enclose this in a wooden 
shield, casing all except the points. The rod is connected to the 
prime conductor, which may be brass tubing as usual or of wood 
covered with tinfoil or Dutch metal. It must be carefully in- 
sulated or the power will be wasted ; its surface must be smooth 
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and brightly polished, and its fonn must present no sharp edges ; 
all its outlines must be curves as large as possible, and where holes 
are provided for the insertion of conductors or apparatus, the 
openings should not be mere holes or tubes, but trumpet-shaped 
and formed into a curve. 

The prime conductor need not be a part of the machine itself ; 
the collecting comb may be connected to a separate collector, as 
shown in Fig. 1 4 of the cylinder machine. Dr. Winter of Vienna 
has devised a peculiar addition to the machine ; it consists of a ring 
of iron rod a foot or so in diameter, mounted on a brass stem 
which may be inserted into a hole in the prime conductor, which 
in his instruments is simply a ball : the wire ring is enclosed in a 
ring of wood made in halves and cemented together and polished. 
It is stated that a machine giving 7-inch sparks gave 20-inch sparks 
when this was added. 

Mr. S. Boberts has stated in the ' Philosophical Magazine ' for 
January, 1874, ^^^^ effects of a similar character (that is long and 
vivid sparks) are obtained by substituting for the prime conductor 
a long Leyden jar made of a piece of narrow glass tubing. 

43. It may be as well to mention here, that though brass chains 
are very commonly employed for connections, they are very bad 
for the purpose, for they are full of breaks and points ; and if the 
machine to which they are connected is worked in the dark, a 
constant stream of fire will be seen passing from them ; it is much 
better to use wire cord, such as is made for sash lines or hanging 
pictures, and to slip even this within a small caoutchouc tube : 
chains may be used to connect the rubbers to " earth " or surround- 
ing objects, as there is little tendency to escape unless brought near 
the prime conductor or plate. 

44. Amalgam is necessary to develop electricity freely, but its 
mode of action is not well ascertained ; the molecular theory throws 
some light upon it, for it is a mixture of good and bad conducting 
substances in such condition that the molecules are readily capable 
of motion, hence they- are easily polarized and communicate that 
polarization to the electric : it is probable also that a very fine and 
discontinuous coating is given to the electric which facilitates the 
collection of the electricity by the points. There are various 
formulsB given, but it is uncertain if any one has a special advantage. 

Some of them are as follows : 

Zinc 5 II 2 

Tin 3 24 I 

Mercury 9 65 6 

The best process of making is to melt the tin and zinc together 
in a porcelain crucible over a Bunsen's burner, then stir them well 

D 2 
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together till tbe; are jnst abont to solidify, when the mercurj 
Bhonld be ad^, worked in, and the whole transferred to a small 
mortar made warm enough to Boften the amalgam while it is well 
worked together, after which a portion of hard tallow not qnite 
eqoal in bnlk to the amalgam is to be worked in. 

45, The foregoing principles being understood, thoee who wish 
to oonstroot inBtmments for themselveB may easily deTise arrange- 
ments to suit their means. Fig. 15 shows an ordinary form of 
the cylinder machine, and Fig. 16 of the plate machine, tlio lettering 
on both is the same for corresponding parte : a is the electric ; 
b tho rubber ; c the projecting flap ; d Uie collecting points, shown 
only on one side of the plate machine, but which should also be 
presented to the other fstce ; e is the prime conductor ; // are the ^ 
supporting frame of glass, ebonite, or baked wood. 

Fig. 15. 




Very simple materials may be nsed, tiius insulating supports, or 
handles may be made &om ordinary phials, the ol^wit to be sup- 
ported being cemented into the neck with a mixture of abont equal 
bulks of powdered resin and woU-dried Bath brick melted togefter 
with a very littlo boiled oil. 

As the working of machines is so greatly affected by damp, they 
may with advantage be built up within a closed bor lined with 
ebonite instead of upon a frame, the axis passing through a stuffing 
box so as to exclude the external air, while the interior might be 
kept Aij by means of a drawer containing lumps of fused chloride 
of calcium ; in this case one side of the case might be made a con- 
deuBer replacing the usual conductors. 
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46, The Bocond great diTision of "electrioal macbiiies is based 
upon the principle of the electrophorna ; there is not a a 




friction, bat a small charge is given to a piece of ebonite, and a 
revolving disc plays the part of the cover, taking a snocession of 
charges, and tnuLBfoiring them to a condenser or condnctor wMch 
in tnm reacts npon the original charge and gradually raises it to 
a high tension. In these instruments, although there is no direct 
friction, there is Bet up a resistance to motion by these electrical 
actions, which acts the part of Miction and transforms the mechani- 
cal energy of the motion into electrical energy with all its effects. 
There are several forms devised by various electricians, but the 
only one of general interest is the Holtz machine, which has 
ondei^one a series of modifications at the hands of Poggendorf and 
Professor Morton, and Mr. Bitchie in America. The earlier form 
trill be found illustrated in several of the later electrical books. 
It consists of two thin flat discs of glass : one of these is fixed 
upright by being held in four clips carried upon glass bars be- 
tween the front and back pair of standards ; this disc has a hole in 
its centre to allow an axis to work ttoelj in it ; upon the horizontal 
diameter are two segmental openings or windows, upon the edges 
of which on the outer face of tiie disc are pasted segments of paper 
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with tongues projecting into the opening, A somewhat smaller 
disc rotates at about one-eighth inch distance. Beyond the farther 
side of this disc are two collectors or combs, such as are used in 
the ordinary electric machine, facing the points of paper, so that 
the rotating disc moves between the paper and collecting points. 
The combs are fixed upon horizontal rods which pass through the 
bar which carries one end of the axis, and these rods terminate on 
the exterior in metal balls, in which work rods exactly like the 
arms of an ordinary universal discharger, which control the distance 
between the ends, they being the positive and negative terminals of 
the machine ; the effect is greatly increased by attaching to each of 
the combs or connecting rods the interior coating of a small Leyden 
jar, both outer coatings being connected together. Mr. Hitchie 
simplifies the fixed disc by cutting it across two diameters so as 
to cut out of the opposite halves about one-third of the quadrant 
in place of the original windows ; he also extends the paper armature 
BO as nearly to fill up the quadrant. Mr. Van Brunt has carried 
this alteration farther by substituting tinfoil for the paper, but 
pasting down a rim of paper around the edges ; for the points he 
uses a row of half-inch pins mounted as they are usually sold, 
glueing them down on the glass by means of the paper with a strip 
of card under their heads, so as to cast the points just over the 
thickness of the glass in the opening, the tinfoil being then laid 
on in contact with the heads, and then the paper edging before 
mentioned which is varnished when thoroughly dry. Fig. 17 
shows a half disc on this last plan. 

Fig. 17. 




To work the Holtz the two arms are brought in contact ; a piece 
of ebonite is rubbed and laid on one of the paper armatures. The 
disc is then rotated and the arms gradually separated. If the motion 
is arrested, or if the arms are separated beyond the distance at which 
sparks can pass, the machine loses its charge and the process must 
be recommenced. To charge Leyden jars, &c., the two arms are 
connected to the two coatings. 

In the more recent forms of the instrument, the fixed disc and 
its openings and armatures are dispensed with, and two plain discs 
are employed, both revolving, but in opposite directions. They are 
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tiSTially placed horizontally in this fc^m, the upper is fixed in the 
middle of an axis which is mounted in a frame ; tli« lower is monnted 
npon a shorter hollow axis which mns npon the other, as in the 
train which carries the hands of a clock. Each axis has a small 
pulley fixed upon it, at the top for the upper plate and the bottom 
for the lower. A fixed axis at a little distance carries a driving 
^vlieel with two groovea in its edges, and an endless cord pasaes 
ronnd bo as to rotate the discs in opposite directions. 
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Another form of mounting has been suggested by Mr. Tnrton, a 
correspondent in the ' English Mechanic,' which is shown in Fig. iS, 
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the plan of wluoh, Fig. 19, also exhibits the usual collecting 
arrangement. 

Four glass or ebonite pillars carry the collecting combs which 
are connected together in pairs, a to c and h to d. Of these pairs 
one comb is placed under tiie lower disc and the other above the 
upper disc with the points nearly in contact with the glass. It 
is found better to add another collecting comb above the discs 
facing the lower one a. The instrument is excited by holding 
a piece of rubbed ebonite opposite the points of d while rotating 
the discs. 

The principle of all the forms is alike. The excited ebonite in- 
duces a circuit through the combs and the discs ; these latter retain 
the locked condition of polarization, and when moved uuder the other 
pair of combs, in turn set up a fresh circuit : the constant revolution 
brings new charges, these circuits act and react upon each other, 
converting the energy applied, until the tension is raised to the 
desired point ; the process of conversion is continued until whatever 
inductive circuit exists has stored up the full amount of energy its 
inductive capacity enables it to absorb in the condition known as 
« charge," or under the proper conditions it restores that energy by 
" discharge," as heat in the form of sparks, as mechanical motion 
when points are caused to revolve, or in any other of the forms 
which electrical energy can assume. 

In this instrument we see this conversion more plainly than in 
the ordinary friction machines, because both the poles being in- 
sulated and the circuits limited, we are freed from the ignis fatuus 
of the earth connection : it is obvious that we do not here pump a 
fluid out of the earth, or run back into the earth any excess fluid 
which we cannot otherwise dispose of; we are brought face to £EU)e 
with the limited " inductive circuits " in which polajrization can be 
set up, energy then flowing through as electricity equivalent to 
the mechanic energy absorbed. 

47, DiSTBiBUTioN OP Elbotbioitt. — ^Most clcctrical works oc- 
cupy many pages and numerous illustrations to show the next 
leading law, (5) Static electricity is found amd exists only on the 
surfaces of bodies. Faraday made many beautiful experiments to 
show this, and to prove, among other things, that the force is to be 
found only on external surfaces. Thus he showed that if a metal 
sphere have a small opening through which a proof plane can be 
passed, and it is thus charged from the inside, the electricity at 
once passes to the exterior, and none can be traced on the inner 
surface. A consequence of this law is that hollow bodies accumu- 
late as much static electricity as if they were solid, while con- 
duction of current electricity passes through the whole body and 
depends on its mass. One illustration of the apparent relation of 
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electricity to external Borfaoes will Bnffice. Fig. 20 is a oonical bag 
of stiff muslin, provided with silk cords by which it can be tamed 

Fig. 20. 




inside ont; it is mounted on a metal ring supported on an insulating 
stand. If a charged body is introduced into the open mouth and 
touched to the bag, the electricity leaves it, and is found on the 
outside, on which aU the little fibres will rise; no trace of any is to 
be found in the interior ; if now, by means of the strings, the bag 
is turned inside out, the electricity at once passes to the other and 
now outer side. The same principle is illustrated by experiments 
to be described for other purposes. Faraday even showed that 
inside an insulated chamber built for the purpose within another 
room, and strongly charged with electricity, the most delicate 
instruments contained in it and connected to it showed no trace of 
action. 

The two great authorities on electrical distribution and its 
consequences are Coulomb and Sir William Harris. The first 
examined the subject in the most elaborate manner, by means of 
his beautiful torsion electrometer, and arrived at certain conclu- 
sions which he embodied in a series of laws. Sir William Harris, 
on repeating the experiments, foimd Coulomb's results only ap- 
proximately correct, and modified these laws accordingly, and to 
this hour the subject remains in this indefinite state. We are 
now ready to see the reason for all this. Electricity in its static 
manifestations mtist he found only on amrfaces^ where the polarized 
circuit passes from one body to another ; it is a state of strained 
rest, unmoving tension, and can only be discovered by transferring 
that state of tension to another body. The laws of distribution 
and accumulation can only be approximate ; they are only general 
principles, and the distribution will vary with every variation in 
surroimding bodies, that is to say, with every alteration in the 
lines of least inductive resistance, so the charge will be found only 
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on tite extemftl Bniface of an isolated body, if, aa ia nsnallj the 

case, ita polar circuit ia directed to external bodiea ; but if an 

interioi body is provided through which the circuit is completed, 

then electricit7 is to be found on the inner anrface. 

48. Fig. 31 oonveyB the lacta and the theory: a is a ball of 

metal monuted on a glass tube which is 

Fni.21. cemented into a neck on b, which is a 

hollow sphere divided in two at its 

horizontal diameter, so that the upper 

half may be lifted by tha glaas tube, which 

should be longer than it is shown; the 

lower half is mounted on an insnlating 

stem. If now we connect b to the prime 

ooudnctor in the usual manner, it wUl le- 

oeive a charge, and on lifting the npper 

half no electricity will be found on the 

inside of b, or on the ball a. But if we 

drop a wire through the tube on to a, and 

charge it, connecting b to earth, that is 

to the rubber of the machine, then we 

shall find -|- electricity on a, and — on 

the ineidt of b, while the outside will show 

no signs of electricity. If the rubber is 

as usual connected to earth and also direct 

to a, while b is charged + , both inside and 

outside will bo found charged alike, and 

the inner charge will be eqoal to the — 

charge found on a and its tension greatcs 

than that of the outer cha^e, this being 

due to the smaller space of air between the 

inside of b and a, as compared with that 

between the ouleide of b and surrounding 

bodies ; we have in fact here two inductive 

circuilt, and the charge will divide itself between them just as a 

current divides itself between two " derived conduetive ciicoits." 

(§338.) 

Again, if we charge a as before, and then by a dischf^er 
connect the wire leading to it with the outside of b, on removing 
the upper part no trace of electricity will be found remaining 
on a, if the rubber is connected to " earth." Fnrther, if we charge 
a tzom the conductor, the lubbei being to earth and b not con- 
nected to the machine at all, we shall find that its inside is in 
a — condition and its ontside + , and this outer charge will be 
equal in quantity to that on a, and yet although the outside and 
inside are in intimate metallic connection, these two electricities 
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will not rennite as long as the charge is maintained upon a. 
(See § 56.) 

49. Static electricity, then, resides on surfaces ; and all other 
things being alike, the quantity (to use the old inevitable, but mis- 
leading term) is, from a given source, in the ratio of the surfaces ; 
this is true only of spheres at some distance from other bodies ; 
with other forms the case is different. A sphere in these conditions 
may be regarded as a radiant point, which was the old view of 
electrical action ; and thus the actions of spheres when charged 
'vary in the ratio of the squares of the distance as to attraction and 
repulsion ; but this, again, is only when disturbing agents are at 
a distance. If, then, a ball, say, of i inch diameter, be charged to 
the full extent a given source is capable of, and another ball of the 
same size be brought in contact with it, and then separated, the 
first ball will only retain half its electricity ; if the second ball be 
2 inches in diameter, the first will retain only one-fifth, the other four- 
fifths passing to the second. This is the consequence simply of the 
relative sur£Gi,ces, which increase in the ratio of the squares of 
the diameters, so that a 2-inch ball has four times the surface of a 
I -inch ball. This relates to the *^ quantity" only, and the reason is 
evident : the number ot molecules of air in contact with the 
surfaces increases in the same ratio as the surfaces, and hence in 
that exact ratio increase the separate chains of polarization which 
can be set up at those surfaces, towards surrounding objects. 

50. In ellipses the distribution is different : the electricity is 
found to be collected at the ends in greater degree than at other 
parts. The mode of testing is. by means of the proof plane and 
torsion balance (§ 66). On touching a surface with a proof plaoe, 
this latter becomes for a time the surface, and removes just the 
quantity of electricity belonging to the surface it displaces ; 
another mode of trial is by attaching gold leaves or pith balls 
hanging by linen thread, which is a conductor, to different parts of 
the cylinder, when they will open differently at different parts. 
De la Bive says, ^ A cylinder 2 inches in diameter and 33^ long, 
terminated by two hemispheres, when touched by the proof plane 
at the middle or at one extremity, manifests electric reactions, of 
which the ratio of the first is to the second as i is to 2*30. The 
electric reaction varies but little from the middle of the cylinder to 
2 inches from its extremities, and increases from this distance to the 
very extremity, where it is at its maximum." We may at once see 
that this statement holds good only for one set of circumstances. 
The force is manifested at the ends because they give the path of 
least resistance, and because a greater number of radiating lines 
can start from them towards surrounding objects (§55). But if a 
wire ending in a large ball be led from the gas-pipe and held 
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towards the cylinder, the eloctrioity will BGCmniilate mainly to- 
wordfl the spot it aj^iroftches. 80 if two or many spheres are 
placed in oontact in a line, the force will tend to the outer ones, 
and thie fumiehee the explanation of the action of points, and also 
of sharp projecting edges. They are the terminations of good 
oondnotors, and on them the action ia concentrated, the lines of 
polarization converging towards them. For similar reasons the 
effeots of ohai^ npon flat Borfaces, terminated by edges, cannot be 
expreeaed in any definite formnlEe, as it is afTooted both by extent 
of smi&oe and of lineal boundary as well as by the Hurrounding 
bodies. 

51. If we take our two balls of i and 2 inch diameter and charge 
them both at the same time from one source, the 2-inch will have fonr 
times the " qnantity " of electricity on it that the other has ; but if we 
apply the two balls to two exactly similar electroscopes, they will 
both give exactly the same indications, or if both are tested by proof 
plane and balance, both will ho found charged alike. It is neces- 
sary therefore to see what will be the eflfect of altering the extent cd 
Bumce without altering the so-called quantity of electricity. We 
can do this by the instroiuent shown. Fig. 22 : a is a brass tube. 




one end fitted with a piece of metal &om which extends a wire for 
the axis, the other end fitted with a plug of indiarubber, in which 
is secured a wire forming the other end of the axis, and bent into 
a winch ; b is a sheet of tinfoil ; c and e^ are glass tubes, to the 
top of which are cemented wires bent round to serve as bearings 
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for a, on c is soldered a wire hook to carry two pith balls, or slips 
of thin foil, or a wire may be led from it to a quadrant or other 
electrometer ; a may be wood or glass, if a piece of foil is carried 
to the axis so as to connect the electrometer, and in this case 
a more exact measurement of the exposed surface may be obtained. 
If the foil h be now charged in the usual way the electrometer will 
give an indication representing a given charge. Now wind up the 
foil, and as the exposed surface diminishes the action is concen- 
trated on that smaller surface, and the electrometer indicates 
accordingly ; when the surface is reduced to half, the instrument 
indicates twice as much force as before; when it is one-fourth, 
there is seen to be four times the force — ^yet in each case there 
is the same qtmntity of electricity. The property we have now dis- 
played is Intensity, a term which, however, is very confusing, on 
account of its having been misused ; this property is also called 
depth of electricity by some, more commonly Density, and still 
more often Tension. It is this condition of the part of the electric 
inductive circuit in which they are placed that is measured by 
electrometers, not the quantity of electricity. 

This has an important bearing in relation to dynamic electricity, 
in which electrometers are used as well as the more common gal- 
vanometers. The grand distinction is this, the galvanometer is 
affected solely by the current or absolute quantity of electrical action 
passing in a given time ; the tensions existing have no effect, and 
the instrument will give the same reading in any part of the circuit. 
The electrometer is not affected by quantity, but by tension alone, 
and when applied to a circuit will read differently in different parts, 
because the tensions vary. (§ 215.^ 

52. We have now to examine tne relation of these two charac- 
teristics of electricity, quantity and tension. Heat furnishes several 
analogies which, though imperfect, aid the conception. It also has 
the two properties, quantity and intensity. There may be the 
same equivalent of heat in a large measure of water at Ko° and in 
a piece of iron at white heat ; the quantity of heat would be said 
to be the same, but the intensity, i. e. the temperature, would be very 
different in the two cases ; so far the analogy with electricity is 
perfect ; but we have a definite idea as to heat being measurable by 
its quantity, which misleads if the same notion is applied to the 
case of electricity. A moment's thoughtful consideration will show, 
however, that the idea as to quantity of heat is a misconception ; 
our only means of measuring heat (its amount, that is to say) is by 
ascertaining the quantity of any substance it will raise to a certain 
intensity or temperature, and this varies with every substance in 
ratios dependent on the atomic constitution; it is impossible to 
measure a quantity of heat as heat. Thus understood, the analogy 
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witb electricity is again perfect ; we cannot measure a qwiniity oi 
electricity, we can only measure the degree of tension we can de- 
velop in matter ; and when dealing with currents, we find that this 
also varies with the atomic constitution of the various bodies ; in 
static electricity, however, the idea of quantity is a delusion ; all we 
can measure is the degree of tension produced, and for a given amount 
of energy that must obviously vary with the amount of matter on 
which it is concentrated ; that is to say, if a given amount of energy 
produces a certain tension on one area, if tibe area is doubled the 
tension must be halved, because it is exerted upon double the 
number of molecular chains terminating on the area or surface. 

This inevitable deduction from the theory exactly accords with 
experiment, and furnishes the reason for the laws which have been 
deduced from observed facts, and also the means of extending and 
correcting those laws. 

5^. On the various theories which suppose electricity to be a 
fluid, a thing having a real existence of its own, a different expla- 
nation is given, which, plausible at first sight, and su£&ciently 
satisfactory as long as we confine it to static electricity, becomes 
utterly incomprehensible when we apply it to currents, and has 
thus caused the confusion of mind almost universal on this point. 
It assumes that this substance, electricity, when freed, is held to 
surfaces alone by some means, against a constant effort on its own 
part to escape : if a given quantity is placed on one area, it covers 
it to a certain depth, collects mainly on points and edges, where in 
consequence its depth or thickness is greatest ; the intensity or 
tension is the measure of its effort to escape, and depends on the 
depth or thickness of its stratum, to use language which, though 
unsuitable to an intangible, almost spiritual essence, is yet the 
only mode of making the idea intelligible ; if the surface be now 
diminished, as by rolling up the foil in Fig. 22, the electricity ac- 
cumulates on the diminished surface, and by the time the surface 
is halved, of course the thickness of the stratum must be doubled. 
Hence it is explained why the density of a given quantity of elec- 
tricity varies in the inverse ratio of the surface to which it is 
attached. 

54. It is necessary to give this theory, but it breaks down when 
we find that the idea of a measurable quantity of electricity existing 
at all is fallacious, nor is it any more comprehensible than the 
explanation furnished by the molecular theory — that the relation 
between what is called Quantity and Intensity is simply the number 
of molecular chains on which energy produces Tension ; in static 
electricity, dependent on the area of the conductors in contact with 
the dielectric or air ; in dynamic electricity, dependent on the mole- 
cular constitution or equivalent relations of the substances forming 
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ihe conductor and on their sectional area, which it is obyions repre- 
sents exactly the charged surface in static electricity, where this is 
criewed as simply a section of the indnctive circuit, when it passes 
fxom one medium to a different one. As it is an evil to change terms 
3iice familiar, the term ^ quantity" must still be used for this relation 
of energy to matter, but it cannot be too strongly ^xed upon the 
Exiind, that this word does not mean a measure, or the existence 
o£ a thing to be measured, but simply a number proportionate 
to the molecular chains in which is set up the condition illus- 
trated § 29. 

55. One of Faraday's beautiful experiments contains the essence 
of many, and illustrates most of the yarious points hitherto con- 
sidered. Let Fig. 23 represent a room containing «, a source of 
electricity, such as a machine, to the prime conductor of which is 
suspended a ball +9 the rubber being connected to earth, that is to 
the walls ; e is an electrometer which if connected to + will show 
positive electricity by the leaves diverging ; if instead of this e is 
connected to the walls, a feeble divergence will be manifested, 
but this time it will show negative electricity ; this, however, will 
require a very delicate instrument, because although exactly the 
same qwmtity of negative electricity exists on the walls as there is 
of positive on + , the surface is so vastly larger, that the tension 
is so low as to render its presence almost undiscoverable. In this 
figure the radiating lines from the walls indicate the lines of polari- 
zation of the molecules of air. 



Fig. 23. 



Fig. 24. 





56. The experiment is further developed in Fig. 24, in which p 
is a metallic pail surrounding +, and itself insulated by the glass 
stand «. The pail is not in contact with + > yet on connection to 
the electrometer its outside is found to be +. In fact this experi- 
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ment is in principle the same as those described § 48, and by cal- 
culation of the surfaces, the pail will be found to have the same 
quantity of positive electricity on its exterior surface as + itself 
has, yet the latter has lost none ; On the other hand, if + be 
now touched to the pail and discharged, p will receive no more 
electricity, nor will e manifest any change in its condition, although 
+ has lost all its charge. The reason is, that the pail when placed 
round + without contact, takes the place simply of the particles of 
air, and by presenting thus a change of substances, numifests the 
condition of polarization existing in the air it displaces, but not 
manifested or discoverable there, because these effects of static 
electricity are never exhibited within any single substance fomung 
part of the inductive circuit, but only at ^e points where that 
circuit passes from one substance to another, that is to say, at the 
sur£EUses in contact. Thus it will be found that the interior of p in 
this condition is in a negative state,' and this is usually termed 
electrification by induction ; it is, however, embraced in the gene- 
ral, theory that electricity is simply a chain of polarized molecules, 
and any molecules inserted in tixe chain necessarily become pok- 
rized. Instead of a single pail, several may be employed within, 
but insulated from each other, when each will show ->- electricity 
inside, + outside, and each will be found to have exactly the same 
quantity, with a tension proportioned to its surface. 

Several important conclusions may be drawn from this experi- 
ment. It is a fundamental law that no effect can be produced with- 
out a cause, force equivalent to it being expended. But if the 
charged ball + be inserted into a set of pails, it polarizes them, 
producing a number of surfaces all charged with as much electricity 
as itself without itself losing any. Nay, if the ball be first inserted 
before charging, it will be found that it can be charged more easily 
than when &e surrounding pails are removed. Now if induction 
were a fresh effort of force, it is clear that neither of these circum- 
stances would occur. Why they do occur is evident on this theory. 
The resistance to polarization of the metal pails is less than that 
of the air, they therefore require no effort of force, on the contrary, 
the transfer of the state of tension from air to metal diminishes the 
force absorbed in the action, or the inductive resistance of the 
circuit. 

When it is said that the charged body loses no force, the state- 
ment requires explanation ; it actually loses, but then every charged 
body does this, and in every experiment the tension is constantly 
falling at a rate dependent on the state of the air and surrounding 
objects ; what is meant therefore is, that this normal rate of loss is 
not increased by the condition of the experiment. 

57. Exactly the same teaching is derived from the experiment 
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shown in Fig. 25, whicbi is commonly employed to illtustrate ^ In- 
duction,'' as though it were an action set up by a body possessed 



Fig. 25. 





of free charge, while it really exhibits the mode in which the chain 
of polarization is developed. + is a charged ball on an insulating 
stand ; if we imagine it standing alone, the conditions are those of 
Fig. 23, an equal quantity of — electricity existing on the walls ; 
we now bring near it, but not near enough for a spark to pass, the 
insulated cylinder a. This furnishes a uew path for the force, and 
its molecules are polarized, gold leaves or tinfoil suspended at its 
ends will diverge, and by examining their condition the charge at 
the end nearest + is found to be — , and the other end positive. 
The common explanation is that the free electricity of the ball de- 
composes the natural electricity of the cylinder, attracting to its 
nearest end an equal quantity of the opposite electricity, and repel- 
ling the similar to the other end. Add h, a similar cylinder, and the 
same result occurs in it, and in as many as we please. Terminate 
the series by a ball similar to the first ; it, like the cylinders, is 
polarized ; but if by means of a chain or a discharger we connect 
the ball to " earth " for a moment, we find the ball is then charged 
with — electricity alone, and to continue the old explanation, its+ 
goes to earth, leaving the free charge opposite to that of the first ball. 
But the re^ explanation is this : When a is placed near the ball, 
it presents a more ready path for the force, because its molecules 
resist less than those of air, hence a twofold action. Its molecules 
are polarized by the force charged on the air it displaces, but also 
a disturbance of the previously-existing arrangements is produced ; 
instead of the polarization proceeding in all directions equally, a 
presents, by its enlarged surface, a much readier path, and the 
largest portion of the force tends to it, and will result in a spark 
passing if they approach too closely, while if this is avoided, a 
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simple redietribation of the linea of force occurs. When h ifi added, 
B similar reenlt and iiotii diBtribution occur ; and again when the 
last ball ie presented ; but when this last ie connected to earth, it 
beoomeB the nearest portion of the surroimding BuribceB. The force 
distribnted iu Fi^. 33 over the walls is collected chiefly on it, Mid 
nearly the whole ib contained in the balls and cylinders, the circuit 
completing itself throngh the surrounding air. The whole of the 
circuit wiU, however, never be entirely confined thus, because it is 
wholly a question of relative resistances, and electricity always 
distribates according to the ratios of the resistance, among aU the 
paths open to it ; hence, the ~ charge on the last ball will never 
be equal to the + on the first, as the old theory would involre ; if 
touched together there always remains a charge on + which is 
equivalent to the — left on the walls, &c. ; so also each BucGessive 
cylinder will be polarized with diminished force, and will retain on 
removal a slight positive charge, if the final ball has been connected 
to earth, because from each of them a fraction of its circuit is 
completed by l^e walls instead of through its opposite end to the 
next oylind^. This also explains the residual cha^e found in I 
Leydenjars after discharge. | 

5S. l^e eame theory explains the action of charged snr&oes, 
wMch plays so important a part in electricity in the form of 
oondensers, such as the Leyden jar, and those used in induction 
coils, and in those vast condensers, submarine cables, in which these 
effects of oharge produce the great retardation in the passage of 
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signals, which long puzzled practical electricians. The instrument 
shown in Fig. 16 is intended for examining this subject. It coneists 
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of a wood or ebonite stand with a groove down its middle, in which 
can be inserted the stems of the other parts which can then be 
placed parallel to. each other, and at yarions distances. A and B 
are glass or ebonite stems carrying metallic discs ; is a similar 
stem carrying a clip frame, which will support a sheet of gLuss or 
other dielectric. Now let A, standing alone on the frame, be 
charged from the prime conductor, it becomes + , and the walls — 
as usual, and gold leaves or pith balls attached to A will be repelled 
on both its faces to an extent dependent on the tension of the 
charge. Now if B is placed as shown, it will produce no effect on 
A, but will itself be polarized exactly as were the cylinders in 
Fig. 25, and in a degree depending on the distances; depending 
that is upon the area of the inductive circuit or lines of polar- 
ization which its smrface occupies. If B be now uninsulated 
by touching it, it will be found to be wholly negative. Thus 
far we only repeat the conditions of the case described in § 57 and 
Fig. 25. 

If we connect A to the conductor, and B to the rubber, the latter 
being insulated so as to confine the action to this circuit, when we 
generate electricity electroscopes fixed to the inner faces will be 
repelled as usual, but those on the outer faces will be entirely 
unaffected. In this state we cannot discharge either of the discs by 
any earth connection, we can only slightly diminish the charge ; 
the reason is that the circuit is concentrated on the two inner faces 
and the intervening air, and if they are the same size, each feuse 
contains equal charge as to both quantity and tension. If we touch 
A, a derived circuit is set up, and a portion of the positive charge 
passes to surrounding conductors, and the more distant, apart the 
discs are, the greater this portion will be, because the charge will 
divide itself in proportion to the resistance of every path open to it. 
If we next touch B, a similar action occurs ; first an amount of force 
passes away equal to that removed from A, and then a negative 
charge takes its place; thus, step by step, the charge may be 
removed. 

This experiment furnishes the same explanation as that given in 
§ 47 as to the relation of electricity to surface ; it shows also that 
no really free charge exists , any where, but that where one state 
exists on any surface, an exactly equal and opposite state balances 
it on some other siurface to which it is related and connected by a 
polarized dielectric ; it confirms the idea presented, § 40, that 
repulsion is only apparent because the repelled body simply tends 
to the opposed sxurface : no repulsion occurs except in that manner : 
and then, because the ball, by moving, diminishes the resistance 
of the circuit of polarization of which it forms part. 

E 2 
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59. If A, while at the greatest distance irom B, and the latter 
insulated, be charged to the fullest extent a given source is capable 
of, an electroscope will show a certain force by its leaves expanding; 
if B is now connected to earth, the leaves collapse ; inost text books 
tell us that the reason is, that the negative electricity developed on 
B by induction, and set free by the positive going to earth, 
neutralizes the positive on A, which is thus hound or dissimulated, 
renewing the capacity of the surface, which is now capable of 
receiving a fresh supply of force, until the electrometer again marks 
a point which cannot be exceeded ; -now if the plates are approached 
the «ame process is* repeated, the leaves £eJ1, the force is again 
dissimulated, and a further charge can be placed on A. Freeing 
our minds from the ideas of dissimvlaiion, fiie theory gives a clear 
explanation of these facts. The charge a given circuit can receive 
from a given source is in the inverse ratio of the resistance of thai 
circuit ; or, in other words, proportional to its inductive capacity, 
which may be called law (6). In each case the electrometer leaves 
fall because the resistance of that part of the circuit which they 
form is relatively increased by the diminution of that of the other 
parts of the circuit, while the diminution of resistance enables the 
circuit to bear a higher charge until the point is again reached at 
which the resistance of the circuits balances the electromotiye 
force of the source. 

5o. If a sheet of glass be placed upon C, Fig. 26, and the two 
plates brought into close contact with it, we have the ordinary form 
of condensing apparatus, and a rough means of ascertaining the 
relative values of different substances, as to what is called their 
inductive capacity, a subject of the very greatest practical import- 
ance. For use in condensers, and in many electrical apparatus, 
those substances are best which have the highest inductive capacity, 
as they acciunulate the force in the highest degree. For use a£ 
insulators, the lowest inductive capacity should be combined with the 
highest insulating power, for the two, though alike, are not identi- 
cal ; thus, in telegraph cables, if the insulator have a high inductive 
capacity, the force is absorbed in producing charge instead of 
current, and the rate of signalling is diminished. It is not proposed 
to go into this subject, or to describe the delicate processes of 
measurement; but the apparatus measures this' property by em- 
ploying sheets of the different materials all of the same exact 
thickness, and ascertaining the charge a given source can give in 
each case. 

Faraday and^ others have tested various substances, and the 
following table from Clark and Sabine shows the relative values as 
compared with air. 
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Table I.— Induotivb Capacity. 



Insulator. 


AIr = l. 


Electrostatic Capacity of 

a plate 1 square foot 

T^th inch thick. 


Air, and all dry gases .. 

Kesm 

Pitch 

Bees'-waz 

Glass 

Sulphur 

Shellac 

Caoutchouc 

Guttapercha 

Mica 


I* 

i'77 
i*8o 

1*86 
1*90 

1*93 
1*95 

2*8 
4*2 

5- 


microfarads. 
0*0323 
0*0572 
0*0581 
0*0601 
0*0614 
0*0623 
0*0630 
0*0904 
0*1357 
0*1620 



61. Condenfiers built np in a series of flat plates are now 
generally used for the same purposes for which the Leyden jar 
was formerly employed, and as they have many uses their capacity 
is giyen in the last column of the table in definite measure, for 
which see § 206. Unfortunately the list does not give the value 
of the most convenient of the insulators, paraffin. 

The best mode of constructing a condenser is to cut up the tinfoil 
into sheets of the size desired, and to make of them two piles like 
the leaves of a book, the one which will represent the outer coating 
of a jar containing one sheet more than the other, which repre- 
sents the inner coating; upon the extreme end of each of these 
piles place a tinned wire or strip of metal, and by means of a 
soldering iron run all the edges together so as to make a perfect 
metallic connection.* Out sheets of paper large enough to allow 
a margin of at least an inch round three sides of the foil. The 
paper should be thin, not highly glazed, and should show no acid 
reaction by reddening when moistened with a neutral solution of 
litmus, it should be baked thoroughly dry, placed in a vessel of 
paraffin kept well over its melting point, and then drained sheet 
by sheet as smoothly as possible. A well-baked piece of wood of 
the same size or larger than the paper is laid upon a table, its face 
soaked with paraffin and a sheet or two of the paper laid upon it ; 
upon this is laid the " outer " pile of foil with its soldered end some- 
what projecting, and all its leaves turned back except the lowest one 
which is to be rubbed smoothly out on the paper ; lay over this two 

* These books of tinfoil should be well baked and warmed when about to be 
used, to drive off all moisture from the surfaces of the metal, and it is well to 
rub each leaf as it is laid down with a dry warm cloth, and the same with the 
prepared paper, unless used immediately after preparation. 
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sheets of the paper, and on the top of this the other book of foil, 
so placed that it lies exactly over the first sheet excepting for the 
margins at the opposite ends ; torn back as with the other all its 
leaves except the first, and npon this place two sheets of paper ; 
continue this process, laying back npon the paper, sheets of foil 
from the* books alternately, and between each foil two sheets of 
paper ; when the whole are in place, cover with two or three sheets 
of paper and a board like the first, the whole should then be com- 
pressed by clamps or by screws passing through the two boards, 
and warmed up to the melting point of paraffin, increasing the 
pressure to drive out all excess. The first board should be pro- 
vided with a binding screw at each end, and the wire of the corre- 
sponding set of foils soldered to it. It is desirable to keep a 
delicate galvanometer and a battery in circuit through these screws, 
so that if by any accident or defect a contact or circuit is completed 
during the process, the galvanometer will at once show it. Paper 
thoroughly dried and coated with or dipped into thin shellac 
varnish, § 20, and dried, may be used instead of the paraffined 
paper or thin sheets of ebonite, guttapercha, or mica. It is exceed- 
ingly difficult to prepare a condenser which will not lose its charge. 

The capacity of the condenser depends ( i ) upon the specific in- 
ductive capacity of the insulating material ; (2), upon ^e area of 
insulator enclosed between the tinfoil. It is usually reckoned by 
the area of the foil itself, not including the connecting margiuB, 
which do not face the opposite foil, nor one of the outer leaves, 
because it is not really the foil which is to be considered, but the 
dielectric enclosed between two connecting foils connected to the 
opposite poles of the exciting source. 

The law is that the capacity is in the inverse ratio of the resist- 
ance ; it is increased therefore by increasing the area of the dielec- 
tric, or by diminishing its thickness ; but this latter must be fully 
equal to resisting discharge, so that the thickness of the dielectric 
must be increased when a condenser is required to bear charges of 
high tension, or else the condenser would be destroyed by being 
pierced, as happens occasionally with the glass of Leyden jars. 

62. The Leyden Jab. — This instrument, accidentally invented 
without any knowledge of the principles it is dependent on, is 
nothing but a form of the instrument Fig. 26, a dielectric with 
two surfaces connected with the opposite poles of a source of 
electricity. The dielectric is the essential element, the surfaces 
form the connections, and hence when a jar is charged the metallic 
surfaces may be removed, and will be found to be free of any 
electrical excitement, which will on the other hand be manifested 
by fresh metallic surfaces applied to the dielectric, the molecules 
of which are not restored to their state of equilibrium until a 
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discharge of the force charged on them occurs, either snddenly or 
by gradual diflfiision. 

The Lejden jar is so well known, that it is needless to oooapy 
space with either figare or description ; indeed it is an instmment 
that, now its principles are understood, must soon pass out of use, 
because it is expensive and inconvenient as compared with other 
forms which effect the same purpose, such as the condensers just 
descrihed, which may be used as the jar is ; if they are made up in 
sets of a few sheets, each representing a jar, they may be combined 
for ^ quantity " as one, or for tension in series, just as jars are ; 
a set of sheets of glass coated on each side may also be used and 
mounted in a grooved frame ; they occupy little space compared 
with jars, while they can be combined as required by means of 
balls connected to the surface like those of jars. 

63. On bringing a conductor in contact with one of the coatings 
or terminators of a jar or other condenser into the neighbourhood 
of the other, a spark passes, which is the discharge of the condenser, 
and this spark again illustrates the nature of ** quantity" and tension. 
The quantity depends on the surface of the condenser and the 
tension of the source, and it governs the size or body of the spark, 
but the length of the spark or the striking distance depends only 
on the tension. If two condensers made exactly alike as to the 
dielectric, one of one square inch, and the other a square foot, be 
both fully charged from the same source, they will have the same 
tension, but the second will have 144 times the "quantity;" if 
discharged across a measured space, the discharges occur from both 
at exactly the same distance, but the size of the sparks will be 
very different. 

64. If a Leyden jar, well insulated, be presented to the prime 
conductor of a machine, only one or two sparks will pass to the 
knob connected with its interior, but if a conductor connected to 
earth touches its exterior coating, a series of sparks will pass ; the 
jar will then become charged, to a point at which no further sparks 
will pass. These circumstances are analogous to those discussed 
in § 59, though they are commonly explained as due to electricity 
becoming dissimulated ; it is evident that so long as the jar is 
insulated no circuit can be formed through it, but its knob simply 
takes a charge from, and becomes part of the prime conductor; 
but when the outer coating is connected either directly to the 
rubber, or indirectly to it through the supposed earth connection, 
the force is stored up by inducing the state of polarization in the 
glass or other dielectric. 

65. The Unit Jab. — For many purposes.it is essential to know 
exactly the amount of energy which is employed in producing a 
charge. Fig. 27 shows an instrument for this purpose called a imit 
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jar. 3 is a amaU Leyden jar with a ooTered snrface of say 6 inchee ; 
the inside is ooimeoted ta a metallic etem which can either be 
insOTted in the prime conductor or mooutod on an insulating stand ; 
to it is also connected a stem c terminating in a ball ; the outer 
coating haa a ball a vhich is cotmecled to ths jar or battery to be 
charged, it is abo provided with two metal rings which cany a 
screw Blem b ending in balls ; by it the distance Beparating the 
discharging balk of the two coatings is regnlated, and oonseciaently 
the t^iBion to which the jar can be charged ; i ie an advantageoos 
addition to the ordinary form, to prevent the irregnUrity attendant 
on the moisture of the air, it is simply a cylinder of glass closed 
at the two ends with indiarubber through which the stems of the 
two balls pass ; a lump of chloride of calcium placed inside will 
keep the air dry, 

Fio. 23. ^" ^'^^ ^ ^^^ chai^ 

rises to the tension cor- 
responding to the dis- 
tance separating the 
two balls, a spark passes 
and discharges the unit 
jar without affecting the 
battery or large con- 
denser, and by counting 
the number of eparto 
which thus pass, during 
the process of charging, 
the amount of force it 
has received is pi'etty 
accurately measured, be* 
cause each spark implies 
a constant quantity and 
tension. Ctf coarse, a 
unit of this kind can also 
be constructed of paper, 
&e., and be thus made of 
exactly the same specific 
resistance as the con- 
■ denser with which it is 
to be worked. 
66, Coulomb's Tobbios Elkotbombtke. — This is the most deli- 
cate instrmnent known for measuring attraction and repulsion, and 
by its means their laws have been measured. Fig. 28, A is a glass 
cylinder, round which is fixed a circle graduated to degrees ; 6 is 
a cover of baked wood or ebonite, in which is cemented c, a glass 
tube terminating in a cover d, also graduated ; e is a l^ fitted 
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-with a pointer, and from it is suspended by a silk fibre or yery fine 
^wire a stem of shellac ending in a ball which is gilt ; / is a ball 
and stem of insulating material terminating in a gilt ball of exactly 
the same size as the one on the suspended needle ; this passes 
through a hole in the cover, large enough to allow it to pass with- 
out contact. 

67. The mode of using this instrument is to charge the ball on / 
from the body whose condition is to be examined ; when inserted 
into its place it touches the other ball, divides its charge equally 
with it, and then repels it. The force of this repulsion is measured 
by the torsion of the suspending fibre, for any force producing 
torsion is proportional to the angle of torsion. To ascertain this 
angle the balls are so arranged that the movable one is opposite O, 
on the scale of degrees, as also is the pointer on the upper scale ; 
after repulsion the ball has to be brought to a fixed distance by 
twisting the fibre. Suppose the angle of repulsion be 36°, and it 
ifi required to reduce it to 1 8°, and that the upper pointer has to 
traverse 126° to effect this, 126 + 18 = 144° is the angle of torsion, 
and gives the measure of the charge in the terms of this particular 
instrument. To measure attraction, a stem of insulating material 
has to be passed through the cover, after the ball on the needle 
has been moved back, so that this rests against it when attracted, 
and then the force of torsion required to increase the distance is 
ascertained as before. 

68. A precisely similar instrument is employed in measuring 
the attractions and repulsions of magnets ; for this purpose a magnet 
is suspended in a stirrup of paper attached to the suspending fibre 
or wire in place of the stick and balls shown, and a magnetic pole 
presented in place of the charged ball. 

69. Sir W. Harris devised another apparatus which is an ordinary 
balance, one of the pans of which is a disc, below which is an in- 
sulated disc of the same size which is charged from the prime 
conductor, and the attractive force at varying cUstances may be thus 
weighed. 

70. Laws of Attbaotion and Beptjlsion. — It has been found 
that both these effects obey the same laws, and are alike affected by 
distance of the surfeices and quantity of charge. 

Distance, — Taking the same figures as in § 67 where 18^ re- 
quired 144 of torsion force, if the balls be approached to 9 the 
upper point will move through 567°, and this -f 9° is a force of 
576. We have thus three distances to compare, 36 , 1 8°, 9°, which 
are in the ratios of i, ^, } ; but the corresponding forces are ^6, 
144, 576, the ratios of which are i, 4, 16. Hence we have law (7). 
The repulsive force between two bodies similarly electrified varies 
inversely as the square of the distance. 
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Quantity. — If the fixed ball be removed and toadied with a similar 
insulated ball its charge will be again divided, and will then be 
only half that of the movable ball. On replacing it, it will be 
fonnd that the repulsive forces are onlv half what they were before, 
and if the process be again repeated, the repulsion is only one- 
eighth, hence law (8). At equal distajices, the repulsion between 
two similarly electrined bodies varies as the product of the quantities 
of their charges. 

Tension. — Although the foregoing law is based on quantity^ it is 
really to the tension that the effect is due, but as the experiments 
are beused upon equal and similar surfaces, the quantity is propor- 
tionate to the tension. Thus, if a pith ball be suspended from two 
surfaces, one double the area of the other, but both charged with 
the same quantity, that is, the smaller having double the tension 
of the larger, the repulsion force manifested by the ball will on the 
small surface be double that on the larger. 

71. These laws, useful in order to fix general principles in the 
mind, are, however, misleading when baldly stated as definite truths. 
So far as they are true they are merely consequences of the general 
principles of the inductive circuit. 

When two equal surfaces are equally charged with opposite 
electricities, they attract each other with a force, as stated, pro- 
portioned to the product of the two quantities. Exactly the same 
result is obtained by a different expression; the product of two 
equal figures is the same thing as the square of one of them ; and 
from this fact has grown up a pseudo law that the force of elec- 
tricity varies as the square of its quantity, and much which passes 
for electrical truth is based on this mode of expressing the law, 
which is usually adopted by mathematical writers. But when we 
clearly realize that electricity never does, and by no possibility 
ever can, reside alone on one surface, we see at once how apt thiB 
supposed law is to mislead. 

Supposing the instrument Fig. 22, § 51, to present an exter- 
nal surface of i square foot, and to be charged by four successive 
charges of a unit jar of 6 square inches, it would have on it 4 units 
of force at i unit of tension, as -f- electricity, and the surrounding 
walls would have 4 units of — , the product being 16, acceding to 
the true law ; according to the false law, derived from it, 4* = 16 
also. When the surface is reduced to half, the tension on that half 
is doubled, therefore we have surface 2 units, tension 2 units ; still 
4 units quantity, or total force on the surface, which again, by both 
laws, gives 1 6 for the total force of the circuit, because that on the 
walls is unchanged. So when the surface is reduced one quarter 
or I unit, the tension becomes 4, giving us exactly the same force 
in a different state of distribution at one of the poles of the circuit. 
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Of course, in this illustration, we leaye out of view the inevitable 
loss or leakage which, like Motion in mechanics, always attends 
practical operations, but which can be calculated and allowed for. 

It may be imagined that the distinction thus drawn of true and 
false between these two expressions is unnecessary, as they appear 
to give the same results ; but the fiEklse expression leads to many 
deductions of veiy great importance and to much misconception, 
because it is linked with the idea of electricity existing free. Thus 
one of the common expressions based on it is *' The intensity of an 
electric charge is proportional to the square of the thickness of the 
stratum of electric fluid on the surface." For the same reason 
many electrical writers would say, in reference to the experi- 
ment just referred to, that when the surface is reduced to half, the 
force exhibited would be fourfold, and when one-fourth sixteen- 
fold that shown at first. This assertion is, in fact, a natural deduc- 
tion from tho false law, and is based on the immediately preceding 
expression flowing from that law. But it implies the creation 
of force, for if by concentrating a given force on one-fourth the 
surfjEu^e, or by putting four times the force on the same surface, we 
can raise the energy sixteen times instead of four, where does this 
excess of energy come from ? But the indications of some instru- 
ments would actually show sixteen times the force in a certain 
sense, and the true law shows us how this occurs, and agrees with 
the natural proposition that the force on a surface must increase in a 
ratio of its multiples, not in the ratio of the squares of the multiples. 

Part of this confusion arises from the different meaniug attached 
by writers to words : thus intensity and tension are usually con- 
sidered as synonymous, but Harris used them with dififerent mean- 
ings, and stated that while intensity varied as the squares of the 
quantity — ^the false law, tension varied directly as the quantity — 
the true law; this confusion is cleared off by regarding tension 
as the true force,, and '^ quantity " the mode of its action, that is to 
say, the number of molecular paths of polarization on which the 
force is concentrated at each section of its circuit, multiplied by 
the tension there existing on them. 

It may suggest itself to some inquiring mind to ask how it is 
that the force of a circuit is the product instead of the sum of the 
two quantities or forces, as the latter would be the case in mecha- 
nical strains on a rope. The explanation is that the tension of an 
electric circuit, though manifested at bounding surfaces, is not con- 
fined to them, but is active through the whole circuit, and thus the 
formula of the sum of the two quantities manifested at the two 
surfaces of equal and opposite tension expresses the whole force 
charged upon that part of the circuit which is there measured. 

This discussion was requisite to elucidate the principle, but that 
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understood, it is indifferent which formula is actually used, so long 
as the forces exhibited at the two sections of the circuit are equal 
and opposite. 

72. It may be well to describe a few of the most useful forms of 
measures or electrometers before leaving this subject. A needle 
of shellac, carrying a disc or ball, may be mounted so as to turn 
on a needle point, like a compass, or suspended by a hair or fibre 
from a frame. The quadrant electrometer is a metal rod which 
may be fixed on the prime conductor, or any instrument, or on an 
insulating stand. It is fitted with an ivory or wood plate marked 
with degrees, from the centre of which hangs a pith ball. Harris's 
circular electrometer is still better though not so simple. A stem 
of wire curved forward at the top carries a ring, to the sides of 
which are fixed wires terminating in gilt balls ; similar pith balls 
are mounted on a fine wire or straw turning on points within the 
ring, and moving under very slight force. Sometimes a universal 
joint is made in the stem, so that the instrument may be inclined, 
and so diminish the resistance of gravity. 

In these instruments the force of repulsion is evidently balanced, 
setting aside friction, by the gravity overcome, that is, the weight 
raised a certain height ; and this will be found to be proportionate, 
not to the angle of repulsion, but to its tangent ; or where two 
bodies, both movable, repel each other, as with two pith balls or 
gold leaves, the force is proportional to the chord of the angle they 
form. However, very little direct information can be obtained from 
them. It is of course true that the two forces balance each other, 
and therefore the weight raised or resistance overcome is equal to 
the electric force employed in overcoming it. But that force is 
taken from the total force of the electric circuit ; the circuit is also 
diminished in length by exactly the space the repelled bodies 
move through, and hence the mechanical work done by this repul- 
sion is the measure of the inductive resistance of j^e space they are 
moved through, and whose resistance is thus removed from the 
circuit. 

These rough instruments are only available for electricity of 
high tension : for more delicate purposes Harris's balance electro- 
meter § 69 is employed, or Peltier's, which is described in most 
electrical text books : for purposes of extreme refinement Sir W. 
Thomson's quadrant electrometer is employed. 

73. DiscHABGS. — The effects of electrical discharge indicate that 
there is a real or essential difference between what are called the 
two electricities, that is, the actions produced at the opposite pola- 
rities of a source. Thus, if a discharge be passed through a card 
(which is easily done by pasting on its two sides pointed pieces of 
foil presented towards each other, but with their points not exactly 
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opposed), on insulating the card and connecting one piece of foil 
with the inner coating and the other with the enter coating of ajar, 
a spark will pass and produce a hole ; this will show a burr on hoik 
sides, indicating that the disruptive force is not a penetrating, but 
a pulling one, and in so far showing a similar action on both sides, 
but the hole will be much nearer the — or negative pole. 

But the principal evidence of this difference is found in the ap- 
pearance of the discharge itself; thus the positive pole tends to 
produce a brush discharge, apparently spreading, while the nega- 
tive tends to a bright concentrated star form. The effect is shown 

Fig. 29. 





in Fig. 29. The appearance is modified by circumstances, such as 
size of the terminals, and their form as balls or points, but still the 
direction of the passage produces different effects. A brush will be 
produced at the extremity of a wire if rounded off, in both cases, 
but the negative brush is much less defined than the positive. So 
with the star, if a pointed wire be approached to a large ball, a star 
forms on the point in both cases, because it concentrates the mole- 
cular action ; but if the ball be +, the star continues till the point 
is close to it, only becoming brighter ; but if the ball be — , as the 
point approaches the star turns to a brush. 

The nature of the medium in which the discharge occurs also 
greatly affects its appearance and conditions ; thus, if the density 
of the air be increased, the resistance to discharge increases in the 
same ratio, and as this means a proportionate increase in the num- 
ber of molecules, the reason obviously is that the tension is lowered, 
exactly as it would be by increase of surfSace in the cases previously 
examined, thus giving direct proof of the transmission of electricity 
by the tension produced on material molecules. 

The nature of the medium in which the discharge occurs also 
greatly affects its appearance, as is seen when the discharge is 
effected through vacuum tubes : this is usually observed by means 
of induction coils, as it is by them that the effects are best mani- 
fested, but a good friction machine will well illuminate vacuum 
tubes and perform many of the experiments usually made with the 
coils. 
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74. One feature of electric discharge is, however, important to 
notice, becaase it is intimately connected with the theory of elec- 
tricity; it is always attended with either mechanical motion or 
molecular disturbance. Thus, as a general rule, when the dis- 
charge is occurring there is a stream of air from the discharging 
points. This is shown in many electrical toys, such as the whirl, 
in which wires with the points bent at right angles are placed on a 
metal point connected to a source, and revolve as long as action 
continues, and in the dark, streams of light are seen issuing from 
the points. 

But in other cases the molecular cohesion of the substances tra- 
versed by the charge is destroyed, as in the pierced card and the 
broken glass of an over-charged Leyden jar. These effects are 
similar to those of lightning ; thus, if a piece of wuod have two 
wires inserted in it so that the points approach, but are separated 
by a stratum of wood, a strong charge passed will shatter the wood 
to pieces. 

Further study of the electric spark will also show us that a 
molecular decomposition of the discharging surface occurs, and an 
actual combination of its materials is produced like the actions 
displayed in electrolysis. If two pieces of gold leaf or tinfoil be 
placed on paper with the ends slightly separated, and firmly 
pressed between two non-conducting surfaces so as to limit the 
direction of discharge, it will be found that the metal is detached 
and spread in minute particles over the interval. So in the 
electric light a constant stream of molecules of carbon is detached 
from one pole and carried to the other, the interval being filled 
with carbon in the state of vapour or gas or absolute molecidar 
division, which is, by the by, the only case in which pure carbon 
gas is known to be produced. 

Again, the colour of the spark is modified by the nature of the 
surface giving it, each metal imparting its own colour, and if the 
medium be one capable of combining with the metal such combina- 
tion occurs ; in other words, which disguise the cause while stating 
the fact, the metal is burnt ; really, a combination takes place analo- 
gous to that which occurs at the anode in cases of galvanic action, 
ior it is obviously not caused by heat, as in no case is the metal 
raised to the required temperature, see § 193. Those who wish to 
examine more completely the nature of the inductive circuit of 
static electricity will find the subject very fully worked out in 
Mr. Webb's * Accumulation and Conduction of Electricity.' 
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CHAPTER III. 



MAGNETISM. 



75. The purpose of this chapter is not to treat of magnetism and 
its phenomena on their own account, but only to deal with them so 
far as they are connected with or throw a light upon Electricity. 

The magnetic property of a natural substance, Ferrosoferric 
Oxide F3O4 or FeO + FcaOg, known as the loadstone, was dis- 
covered in early times from its power of attracting and adhering 
to iron. It was afterwards discoTered that the loadstone imparted 
its powers to steel, and that masses of steel thus acquired a variety 
of peculiar properties besides that of merely attracting iron. 

The first stnking property is a directive power by which a bar 
of magnetized steel always places itself in one position, with one 
end pointing towards the north ; the next is that when two such 
bars approach each other, two of the ends attract and two repel each 
other, instead of displaying a constant attraction, as with iron. 

76. In examining these properties we find that the force, be it 
what it may, which is acting, is concentrated mainly at the two 
ends of the bar, towards which the holding power on iron is 
greatest ; thus, if a bar magnet be rolled in a mass of iron filings, 
these will adhere to it in the manner shown in Fig. 30 ; so if it is 

Fig. 30. 




measured by the actions on a suspended needle, the force is repre- 
sented mathematically by a curve shown in Fig. 31, which exhibits 
half a bar magnet, and shows that the point of greatest force, or 
what is called the pole, is not at the actual extremity, but a 
distance within, varying with the length and form of the magnet. 



These fignre« are identicsl with those which repiesent the diatxi- 
batiou of electricity according to the laws diBonssed in § 70, and 
hence there was early perceived a relation between magnetisni and 
electricity, and thia naturally, in times when men never hesitated 
to create any power which would serve to explain a fact, led to the 
hypothesis of two magnetic flnids, the Anstral and Boreal, now 
entirely abandoned, although their brethren, the electric flnjdfi, 
are still cherished by many philosophers. 




77. A remarkable feature in magnetic force is that it apparently 
acts at a distance withont relation to intervening aabstances, pro- 
viding these are not thcmselveH magnetic, Seuce a magnet acts 
jnst as powerfnUy through a sheet of glass as throngb air. If 
therefore we place a sheet of glass over a bar magnet, and sift iron 
filings over it, these arrange themselves in obedience to the force, if 
we lightly tap the glass to aid them in moving. Fig. 32 shows ^e 
result, the filings arranging themselyee in closed curves, whicli J 
exhibit the lines of force surrounding the magnet, and on which, or, 1 
rather, on the tangent to which, at any part, a snapended magnetic | 
needle will place itself. This figure represents therefore a section !l 
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of a magnetic field ; the field itself of course extending round the 
magnet in all directions. It also enables us to perceive that 
magnets do not act simply at a distance ; they induce in all sur- 
rounding matter a condition which is the source of magnetic 
action ; but it is only some forms of matter, of which iron is the 
most important, which render this condition active as magnetic 
force, and are themselves capable of retaining that condition, and 
transmitting it afresh. 

78. To ascertain what this condition is, we must examine the 
magnet itself. Thus far we see in it a repetition merely of the elec- 
trified cylinders in Fig. 25 with the -f- and — charges apparently 
collected upon their separate ends. If, however, one of those 
cylinders was capable of division across the middle, we might 
obtain the two parts in the opposite states, one wholly + the other 
wholly ^ , and there is thus some ground for the idea that we have 
really separated two fluids ; but^this is not the case if we break a 
magnet across, for we find that two perfect magnets are produced, 
two fresh and opposite poles being generated out of the previously 
inert middle, wlule the forces these possess are taken from the 
original terminal poles, the attractive powers of which are reduced. 
We may repeat this process to an unlimited extent, till we convince 
ourselves that the perfect magnetic power resides in every minute 
particle; in fact, that magnetism is a force belonging to and 
residing in the molecules of which the magnet is composed. This 
view of the nature of a magnet is well expressed by Fig. 33. 

Fig. 33. 




This presents the magnet as consisting of a collection of polarized 
molecules symmetrically arranged, the force of each series exhibited 
at its two ends, and completing its circuit of polarization or force 
through surrounding matter in the curves shown in Fig. 32, This 
conception is strictly correct as to the facts of magnetism itself ; 
but when we come to the theory and to the evident connection of 
magnetism and electricity, it is apt to generate confusion of ideas, 
owing to the apparent resemblance between the polarized molecules 

in both cases. 

79. To avoid this confusion, and more intelligently to examine 
the facts and the true relation of the two forces to each other, and 
to the molecules of matter, it is desirable to define those relations 
in accordance with the views ar rived at as to the relations of elec- 
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tricity to matter. Electrioity and magnetism then are the same 
force, and are two actions of polarized molecules, manifested at 
right angles to each other, and both developed together. Elec- 
tricity is the action which occurs tn the line of polarizcUion, Mag- 
netism is the action which occurs cU tight angles to the line of 
polarizcUion^ and in all directions at right angles to that line. But 
there are some important distinctions to be noticed. Electricity is 
essentially a dynamic force ; its nature consists in producing motion 
in, and transmitting energy along, the polarized chains ; its static 
actions are only incidents of this process, dependent on the reds- 
/tance offered to the completed motion. Magnetism is, on the other 
hand, purely static ; it consists in the storing up of energy in the 
polarized molecules. It should also be remarked that while mag- 
netism is an essential consequence of and attendant upon electric 
polarization, it is only manifested as magnetic action by certain 
substances which possess the faculty of assuming that condition 
which constitutes a magnet ; of these iron, nickel, and cobalt, are 
the most effective, and this state is more readily produced and 
manifested by dynamic electricity of large quantity than by static 

Fig. 34. 
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electricity of high tension. Considered from this point of viB^j 
Fig. 34 A represents a typical molecule, and thL figure once 
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bhoronghly mastered and fixed in the memory will answer every 
possible question as to the relations of magnets and cnrrents, the 
action of helices, galvanometers, coils, &c. A magnet will always 
place itself at right angles to such a molecule (forming of course 
part of a polarized chson), with its north end to the left hand, 
looking from the molecule itself, so that the arrow or magnet N 8 
is supposed to be on the farther side of the molecule. There is, 
however, no true directive force in this action, no north and south 
sides to the molecule itself, as there are + and — ends^ but the 
directive tendency is the same at right angles to any radius of the 
molecule at right angles to its Ime of polarization. Thus, if 
the molecule be vertical, and a suspended needle be carried round 
it, the needle will retain the same relative direction to the molecule, 
but will make an entire revolution on its own axis, and its ex- 
tremities will point in turn to every direction, provided the directive 
action of the earth is neutralized, as by a fixed reversed magnet. 
The reason of this is shown in Fig. 34 B. The polarized molecules 
of the magnet are ranged, not in the line of magnetic force, as in 
^^S' 33) 1>^^ A^ right angles to this line and round the sections of 
the magnet. 

This is a necessary consequence of the definition, because it is 
only thus that the lines of polarization can be at right angles to 
the line of magnetic energy. Hence the directive energy of the 
magnet is due to the inductive action of the energized molecules, 
tending to range all neighbouring molecules in the same order as 
themselves. They thus set up a magnetic field (which is a resolu- 
tion of the forces exerted by the various acting molecules) in which 
all the particles of air and common matter range themselves, like 
the filings in Fig. 32 : when a magnetic body enters this field its 
molecules range themselves in obedience to it, and by their own 
power set up a field of their own ; when the body entering the field 
is already magnetized permanently, and therefore has its molecules 
already so ranged, or is temporarily magnetized circularly by 
being the conductor of an electric current, then if movable as a 
masB, it is turned or attracted or apparently repelled in such 
manner as to most energetically form part of the original lines 
of force or magnetic field ; but if it cannot move it reacts upon the 
field and moves the magnet if movable, and a new field is set up 
which is the resolution of the forces of the two or more magnets 
within it. 

B Fig. 34 is a filament or row of molecules, forming part 
of a magnet which is built up of many such rows, forming circles 
of polarized molecules, which retain that polarization because they 
we Bo completed or closed. 

80. If a magnet (which for this purpose B Fig. 34 will represent) 

F 2 
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be placed hdow the electric molecule or current, this filament is the' 
upper line or side of the magnet, and will range itself as drawn, 
and on the arrow N S ; but if the magnet be above the molecule tbe 
filament is the lowermost one, and the x)Osition would be reversed, 
in order to bring N to the left of the molecule looking upwards; 
the vertical arrow + ^ represents the line of polarization^ or 
current of which the molecule forms part, + being the positiTe pole 
at any intersection of it. 

This figure represents in fact Ampere's illustration of the relation 
of magnets and currents ; for let the reader conceive himself to he the 
molecule^ the current of which he forms part entering at his feet, 
his head therefore being the + extremity; his right hand will 
have the magnetic actions of a N pole to any object at which he is 
looking, and therefore any magnet in front of him will present its 
N end to his left-hand, the magnet itself standing fairly across him 
in front in whatever Section he may turn. . 

8 1. DiAMAGNETisM. — ^By mcaus of electrical currents, which 
consist of energetic polarization of the molecules of the bodies they 
traverse, and which induce similar and parallel lines of polariza- 
tion in all surrounding bodies, magnetic effects can be developed 
in all substances, and Faraday and others, by means of very power-, 
ful magnets, have proved that magnetic actions do thus occur, 
modified by the nature of the substances and their molecuhLr 
arrangement, which lead to a classification of substances, as mag- 
netic and diamagnetic. 

The first class, when interposed between the poles of a magnet, 
place themselves with their longer axis in the line joining the 
poles ; the latter arrange themselves across that line. There has 
been a tendency among some philosophers to attribute this to a 
force distinct from magnetism, but there seems no sufficient reason 
for it, as the properties of the magnetic field will explain the &cts; 
it would seem more probable that the diamagnetic substances are 
those in which the faculty of assuming the magnetic condition is 
feebler than in air, and that therefore the molecules of air form the 
field more readily than those of, say, bismuth, and consequently 
move these latter into the position in which they take up the least 
portion of the lines of force ; thus a tube containing a weak iron 
solution will be magnetic in air, but suspended in a vessel contain- 
ing a stronger solution of iron it acts as a diamagnetic substance. 
Diamagnetism will not be further entered upon in this work. 

82. Whenever iron is attracted, magnetic polarity is induced in 
it, and the attraction results from that process. That is to say, the 
attraction is for the magnetism, not for the mere iron ; but on 
removal from the inducing magnet, the iron returns almost entirely 
to its previous inert or unpolarized state. Steel, on the other hand, 
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LS much less strongly attracted, but retains the polar state ; both 
cixcumstances resiQting from a resistance in the molecules to an 
alteration in their state. This, no doubt, is connected with the fact 
that steel is a compound of carbon and iron, and thus its molecules 
are very different from those composed of two atoms of iron only. 
This resistance is termed the coercive force of steel, which varies 
very much in different samples. Those in which the coercive 
force is greatest are the hardest to magnetize, but make the 
strongest and most perfect magnets. This property, therefore, 
furnishes a limit to the magnetism any steel can possess, and is 
called its point of saturation; temporary power may be given 
beyond this, but will speedily be lost. Another element in the 
power of a magnet is the force of the source from which it was 
derived ; thus, if magnetized from another magnet, its force cannot 
exceed that of the magnet used : that is to say, its specific magnetic 
intensity, or relative molecular force in proportion to weight ; 
hence powerful magnets should be employed to impart the force. 

83. Magnetization. — Steel may have magnetic power developed 
in it by drawing a bar magnet along its several surfaces, always 
in one direction, or the same process may be adopted with a horse- 
shoe magnet ; in both- cases it is still better to arrange a complete 
system of bars forming an octagon or square, and draw the magnet 
round and roimd, always in one direction ; in this plan the bars 
may be all steel, or alternate steel and iron. 

If the operator has two bar magnets, an excellent plan is to 
place them with opposite poles together over the middle of the bar 
to be magnetized, and then to draw them slowly asunder to the 
ends, repeating this six or eight times on each face. This process 
is still more effective if the ends of the bar rest on two other mag- 
netic bars with their opposed poles in the same direction as the 
moving magnets. Fig. 35 shows this process, n 8 being the bar to 

Fig. 35. 




be magnetized and W a piece of wood to support it and steady the 
lower magnets. This is called the method of single touch, and is 
best suited to thin needles and bars, not more than a quarter inch 
in thickness. 
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The method of doable toDch ma; be illustrated b; the eame I 
figure. 

Tlie triangalar epaoe between the two movable magnets !b filled ' 
with a piece of wood, and their upper ends connected by a bar of 
soft iron, and both are moved to aad fro along the bar n «, withont 
eeparation. This proceBe gives more magnetio power than the 
otber, but it is apt to be irregular, and to produce ooTueqaeni point*, 
that ie to say, reveraaU of magnetic polarity within the bar, which 
then acts as if it were composed -of several shorter bars, with 
similar poles in contact. 

In magnetizing steel in the horseshoe form, two should be 
placed with their ends together, and the mt^ets carried round i 
the system, or if two are not needed the ends should be closed 
with an inm armature. 

84. Tbk Battkrt Pboobbb. — This is the moat effective, and wiU 
develop the greatest power ; needles may be magnetized by en- 
closing thorn in a helii eitending their whole length and passing t 
strong current for a few minutes, for which see § 171. For large 
bars and horseshoes the instrument Fig. 36 is well suited. It is a 




short helix of stout covered wire, the central openii^ of whtuh is 
large enough to allow it to be passed over the bar. It abonld be 
arranged at the middle of the bar, and coimecfed to 11 b&tterv 
sending a powerful current through it, and regularly passed along 
the length both ways several times, allowing the ends to half enter 
the helix, and brought bock to the middle before the current ie 
stopped ; the action is facilitated by slightly tapping the magnet 
during the process to produce vibration. An ordinary electro- 
magnet may also be used for the tonch processes, in the same waj 
as a permanent steel magnet, and baa the advantage of great 
intensity of magnetism. 

85. Q0AIJTT OF Stkzl, AND Tekfeb. — For large magnets, 1»> 
dened cast steel .is best ; for compoond horseshoe magnets tlie 
same steel annealed at 500°, or hard shear steel ; for needles, 
cast steel annealed in boiling oil. Steel made of the best iron, 
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such fU9 Swedish, makes the best magnets, and the hardening or 
tempering should be equal thronghout. 

86. FoBM AND Abbanoxmbnt. — For compass needles, the beet 
f ona is flat, tapering from the middle to the points ; for bar and 
horseshoe magnets, the mass of material should be divided into a 
number of plates not exceeding a quarter inch in thickness, sepa- 
rately tempered and magnetized, and arranged with their similar 
poles togeUier ; they should be insulated from each other by sheet 
brass, or cardboard, and bound together either by screws or exter- 
nal bands of brass. The ends should not be flat, but tapering, so 
as to concentrate the action on small terminal surfaces; and in 
some cases it is well to terminate the whole by pieces of very pure 
soft irbn, shaped as desired, fitted to the end of the bars, and 
secured to them. 

Very powerful magnets have been made of late from very thin 
steel plates, similar to that used for clock springs, the ends 
gathered into terminal blocks as just mentioned. 

87. When a number of bars are thus united, the total force is 
never equal to the sum of the whole separately, because the similar 
poles tend to neutralize each other ; in some cases the central bars 
will even be reversed by this action, for which reason they should 
be the longest. This is the reason, together with the superior 
temper of Qie surfaces, that a number of separate pieces give more 
power than a solid bar of the same mass, as in this the interior 
portions are apt to take reverse magnetism to the exterior, thus 
completing closed magnetic circuits, and leaving little force to be 
exerted on external objects. 

88. Pbesbbvation op Magnets. — They should be careftilly 
handled, and all jarring actions avoided ; when not in use needles 
should be placed in the true magnetic direction; the same with 
bars; but either may be still better preserved by placing two 
toge^er with their poles reversed, and a small piece of soft iron 
between them at each end. Horseshoes should always have the 
keeper or armature on, and their powers may be greatly increased 
by hanging them up with a weight attached, which can be gradually 
increased. Care should be token, however, never to violently 
detach the keeper, and when this is removed for use, it should be 
done by sliding it off across the poles, not by pulling it away. 

89. The DiBBorrvE Fobos. — ^A magnet capable of free motion, 
if approached by another magnet, is attracted by this, if extremi- 
ties of opposite names are nearest, and the ends of similar names 
repel eadti other. This repulsion, however, like that of electricity, 
is only apparent ; it is the consequence of the fundamental prin- 
ciple of magnetism, the polarity of the molecules. It is simply 
the effort of these molecules to place themselves in the parallel and 
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conBecutiye order described in § 80. In soft iron this is effected 
by molecular reversal ; the coercive force of steel resists this, and 
therefore the mass of the magnet tends to turn round to effect the 
same result, and if this be resisted the molecular action very 
commonly occurs, resulting in the permanent weakening of the 
magnetism, or even in the total reversal of that of the magnet 
whose intensity is least. The direction in which the free needle 
will arrange itself depends on the positions and distances ; in fact, 
it ranges itself on the lines of the magnetic force of ike fixed 
magnet, viz. on the curves shown in Fig. 32, and the apparent 
repulsion as well as attraction are due, not simply to the visible 
bodies or magnets, but to these lines of force or chains of polarized 
particles of air, &c., which surround them to a considerable 
distance. This is very distinctly shown by the process of attrac- 
tion upon iron. If a piece of soft iron is applied to the N. end of a 
bar magnet, it is attracted because polarity is induced in it; it 
becomes itself a magnet with its S. end in contact with the magnet. 
If, now, a second bar magnet is applied with its S. end to the otiier 
end of the iron, the action is increased, the iron held with double 
force; but if the N. end of this second bar be applied, the two 
actions neutralize each other, and the iron, though in contact with 
two magnets, will have only a slight attraction exerted upon it. 

90. The earth itself acts as a large magnet, and hence a free 
magnet arranges itself in relation to the magnetic poles of the 
earth, which are not at the same points as the true poles of its 
axis of revolution, nor are they even permanently fixed. The 
consequence is that the compass does not point true North and 
South, nor exactly in the same direction at all times. So also it 
does not rest in a horizontal direction, but in the northern hemi- 
sphere, with its N. pole lowest, or dijpping, pointing to the 
magnetic pole, and thus occupying the magnetic curves of the 
earth in a manner exactly similar to the behaviour of a suspended 
magnetic needle in relation to a large bar magnet. Terrestrial 
magnetism is a subject by itself, and one of vast practical interest, 
but it is out of the scope of the present work. Our concern with it 
is simply to regard the earth as a huge magnet, and to understand 
that its actions are the same as those of any other magnet. 

91. Ampebx's Thuobt. — As before remarked, magnetism was 
formerly explained by the invention of two fluids ; but the theory 
now universally received is that of Ampere. Working from the 
fact that a circular electrical current constitutes a magnet at right 
angles to its plane, and that electro-magnets are practically com- 
posed of a series of such circular currents ranged in the form of 
helices, and also from the fact that the force is evidently possessed 
completely by the molecules of permanent magnets, he taught that 
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magnetic substances are composed of molecules aronnd which cur- 
rents of electricity are constantly flowing ; that magnetism consists 
in ranging all these currents in parallel order, and it has been 
thoronghly proved by the most stringent mathematical analysis, 
that this beautiful idea explains all the facts of magnetism. 
^^S' 37 exhibits this theory. A is a cross section, showing the 
supposed molecular currents, the sum of which acts like an external 
current, and B represents a cylindrical magnet, of which A is the 
end shown, or any section looked at from that end. 

Fig. 37. 
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92. Beautifully scientific as this theory is, there are fatal 
objections to it, not generally seen. In the first place, it is based 
on the idea of electricity being an entity, a something which can 
circulate round the molecules in a real stream, and therefore it is 
inconsistent with more recent views as to the nature of electricity ; 
but apart from this, though we might assume it to be possible that 
such circulating currents might be. confined to the molecules, 
it is impossible to conceive how they fail to arrange themselves 
symmetrically always, or why, once arranged, as in magnetized 
iron, they derange themselves at once the moment the inducing 
magnet is withdrawn. The very nature of electric currents would 
require a coercive force to prevent the magnetic condition being 
always existent, whereas the reverse is the fact. 

93. The Moleoulab Theoet. — The theory of electricity set 
forth in the foregoing pages and extended to magnetism, § 80, 
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takes possession of all Ampere's work, and adopts all the facts and 
all the mathematical problems and proofs based upon them : all of 
these are unaffected by the substitution for the assumed circulating 
molecular currents, of the conception of the polarized molecule 
exerting influence upon all the neighbouring molecules and arrang- 
ing them in systematic polar order. Fig. 38 shows at a glance 
both the resomblances and differences of the two theories. 

Fig. 88. 




A, regarded as a permanent magnet, shows the molecules retained 
as a polarized chain, analogous to the conditions of static ele^ctricity, 
and it shows how an electric current generates this state in a bar 
around which it circulates. The coercive force of the magnet is 
due to the resistance of the molecules to the change of condition, 
either to being magnetized or demagnetized in the case of steel, 
the molecules of which are compound, while iron has little power 
to resist either. What it is in the molecules of iron and steel 
which gives them these properties, we do not know. 

94.. Laws of Maonetio Foboe. — ^Many attempts have been made 
to flx the laws of attractive force of magnets, and the result appears 
to be that it varies inversely as the square of the distance, as it 
must indeed from the cause which generates this universal law of 
actions proceeding from a centre, this being a necessary conse- 
quence of the fact that the areas of spheres increase in that ratio ; 
but this only applies to each point of a magnet regarded by itself; 
practically no distinct law can be laid down, as the force is a com- 
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pound action and varieB with the form of the magnet. Thus the 
poles of a magnet are the centres of action of each half of the 
magnet, not necessarily the points where attraction is strongest, 
which is usually at th,e end, while the poles are generally at about 
two-thirds the distance from the centre to the ends, and in tapering 
needles, still nearer to the centre. As to the attractive force or 
weight-supporting power, this varies with the quality of the steel 
and also with its form, length being the chief element in this 
latter. For the relative powers of magnets see § 05. 

The vibrations of a magnet obev the same laws as those of 
pendulums, that is to say, they take the same time for each oscilla- 
tion^ whether large or smalL 

95. Magnetic Moment. — This mathematical term frequently 
causes much difficulty to those unacquainted with the higher 
mathematics and mechanics. Its full explanation does not come 
within the scope of this work ; all that can be attempted is such an 
explanation as is possible without elaborate formulse. 

In mechanics the " moment " of a force is its value under given 
circumstaDces, as of the force applied to a lever 'to move it around 
its fulcrum. A magnet is a lever, its centre the fulcrum, its poles 
the points at which the force is applied, and therefore the length of 
leverage. " Moment," therefore, is compound, and the moment of 
a magnet depends upon the specific intensity of its magnetism, and 
upon its length ; this gives the common expression m I. The poles 
of a magnet have no real existence, their position varies with sur< 
rounding conditions, they are really only a term to express the 
theoretical point which acts as the focus of the energy exerted 
under any given conditions by each half of the magnet ; the poles, 
therefore, are never the extreme ends of the magnet, but at a point 
within the ends varying with the shape of the magnet. 

The moments of magnets may be compared by their relative 
actions as regards another magnet; if we use the earth as this 
magnet (and do not need the high accuracy which would take into 
account the varying magnetic intensity of the earth itself) the 
moment of a bar magnet may be measured by suspending it by a 
fibre and coimting the time of one oscillation, or the number of 
osciUations in a given time, the relative moments are the sqaare 
of the numbe^ of oscillations, or inversely as the square of the 
time of one oscillation. 

The moment of the magnet may be ascertained in absolute 
measurement upon the same principles as those of the tangent 
galvanometer, § 176. 

A very short needle is freely suspended so as to hang in the 
mimetic meridian over a zero line. The magnet to be measured 
is placed upon this line, at right angles to it and in the plane of 
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the needle, at such a distance that it produces a deflection of only 
a few degrees. Let be the angle of deflection, d the distance in 
metres between the centres of the needles, H the horizontal com- 
ponent of the earth's magnetism (say i '764), then ml = H.dP ton. 0, 

Horseshoe magnets may be similarly measured if th^ir ends 
are placed on the line which a bar would occupy, and the distance 
measured from the central points between them. 

The *' intensity " of a magnet may be considered as the relation 
of the force to the mass of matter it is charged on, and therefore 
varies as the ratio of the magnetic moment to the weight or volume 
of the magnet ; thus, if one bar has a magnetic moment equal to that 
of another of the same length but double its weight, it is itself 
magnetized to twice the intensity. 

These considerations are of importance in the construction of 
galvanometers, as will be seen § 173. 

Before leaving the subject of magnetism, it will be well to point 
out the error of the common conception of magnets as inexhaustible 
sources of force. It is this misconception which has led so many 
to waste their time in trying to devise perpetual-motion machines, 
of which magnetism was to supply the motive power. 

Magnets, like springs, can only exert the power which has been 
put into them ; they have no force of • their own. In the act of 
magnetizing, whether by magnets or by electricity, a certain 
amount of energy is charged upon the molecules, just as it would 
if each of the molecules in Fig. 339 p* 65, were a spring which was 
wound up in the act of magnetizing. When the magnet exerts any 
force, it parts with that force ; it is io that extent exhausted, and 
the energy it parts with is distributed over the new " field," or in 
the armature, &c., which has been moved. If the armature is a 
mass of iron as large and heavy as the magnet can hold, the magnet 
is exhausted ; it will no longer affect external magnets, &c., or but 
very slightly. Before the magnet can exert any further force, the 
requisite energy must be restored to its molecules. This is done 
by removing the armature, which requires an exertion of force 
equal to that the magnet exerted in attracting it. 

The distinction is simple, but important; the common idea 
regards the removal of the armature as an exertion of force against 
the power of the magnet, and in some sense this i^ so. But the 
real action is the restoring to the molecules of the magnet the force 
which it has given up to its outer circuit, which is effected by the 
molecules themselves so long as they retain the magnetic condition. 
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GALYANIO BATTEBIES. 



96. It is difficult to examine the facts of galvanism thoroughly 
in any progressive order. It appears best to commence with 
examining practically the various sources of the force, the different 
forms of battery ; but this can be done only by the aid of know- 
ledge of a much higher order. Students, therefore, must needs go 
over this ground twice, assuming at first the principles and laws 
necessary to understand the facts, and returning to these again 
after the study of those principles of measurement, &c., based 
upon the facts. 

97. If we place a piece of ordinary sheet zinc in a dilute acid, 
we find that a tumultuous action takes place, the zinc is dissolved, 
and hydrogen gas is given off. Another effect is produced which 
is seldom set forth when this fundamental experiment is stated ; as 
the zinc dissolves, the liquid becomes heated. Now this last fact is 
the one of primary importance ; for with all the similar facts in 
chemistry, it teaches us that whenever an action takes place spon- 
taneously between two substances, heat or energy is set free. Let 
us examine, though only cursorily, what occurs in this instance, and 
why it occurs. The full explanation will be found in Chapter VIII, 

The old explanation, and one even now frequently given, is that 
the zinc decomposes water, H2O, gives off the hydrogen and forms 
oxide of zinc, ZnO, which is then dissolved by the acid, forming a 
salt of zinc. The true explanation is far more simple ; the acids 
are substances in which hydrogen forms the base, united with a 
special acid radical ; hydrogen, though a gas, and one which has 
never yet been liquefied, has many chemical analogies with the 
metals, and, indeed, there is good reason to believe that it is a true 
metal, and capable of assuming the solid metallic state in alloy with 
some other metals, being then a conductor of electricity, and dis- 
playing the ordinary physical characteristics of metals. At all 
events, metals are capable of taking its place in compounds ; and 
thus in the case under consideration, say of zinc acting on dilute 
sulphuric acid, H2SO4, the metal merely displaces the hydrogen and 
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oonyerts tbe sabstanoe into ZnS04, Bulphaie of zinc, instead of 
solpbate of hydrogen. 

98. It is requisite to clearly understand, that besides the material 
elements, energy enters into the constitution of all bodies ; all possess 
a specific quantity of what we know as heat, and according to the 
molecular theories, the atoms of which all substances are composed 
are in a constant state of internal motion ; the amount of that 
motion governing the physical state, as solid, liquid, or gaseons, 
and also the chemical relations; allinity is, in fact, a function of 
these motions (and very probably dependent upon the waye lengths 
of the vibrations proper to each element, as shown by the spectro- 
scope) ; the less the motion, the nearer the atoms approach, and 
the greater the attraction they exert on each other. Hence, when 
what are called higher affinities come into action, the internal motions 
are diminished ; but, as a consequence, this motion becomes external, 
active and sensible, instead of internal or latent ; and thus it is that 
every act of chemical combination sets energy free in some form, 
usually as heat, while every act of chemical decomposition requires 
the supply of energy to re-establish the internal motions, or latent 
forces, or, as it is usually expressed, to overcome the chemical 
af&nities. Indeed, as in many other cases, we are gradually finding 
a truth in an ancient delusion; for, in modem science, energy 
or internal motion is gradually assuming the position of phlogiston 
in the old chemistry. 

90. Thus, when zinc is dissolving it gives off hydrogen and JiecU 
while forming the more satisfied compound, sulphate of zinc. If 
we use a piece of iron it does the same, but if we use copper, no 
such action occurs. Now, if we place in the same sulphuric acid, 
copper and zinc, but separate from each other, we see gas ponring 
off the zinc and not from the copper ; but if we permit them to 
touch a new phenomenon occurs : the gas appears to issue abun- 
dantly from the copper. Still if we examine the liquid we find 
that no copper is dissolving, while the zinc is dissolving faster than 
before. Instead of allowing the two metals to touch within the 
liquid, we connect them by a wire, and we find that this wire is 
suddenly endowed with extraordinary properties ; if it approaches 
a magnetic needle the earth's directive power is superseded, and the 
needle no longer points N. and S., but places itself across the wire, 
and in different directions, accord^g as it is above or below ; if the 
wire be coiled round a piece of iron, it endows it with powerful 
magnetic properties ; if the wire be cut in two, and its ends dipped 
in liquids,, it produces chemical changes in many of these ; lastly, 
the wire itself becomes hot. But in proportion as these effects are 
developed, so does the dissolving zinc generate less and less heat in 
the liquid. Here we have the explanation of the sources of these 
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external actions : there is no creation of energy ; nothing new occnrs, 
except that, under the new conditions, the energy set free by the 
conibination of the zinc takes that form which we call electricity, 
instead of the other form we call heat (just as it was seen occurs 
with friction, § 15), and is capable of manifesting itself by its 
magnetic, chemical, or calorific effects, thus fumidbing the three 
natural divisions of the study of dynamic electricity. 

100. The conditions under which the energy takes this form are 
a development of those pointed out in § 29, but more plainly 
evidenced. The foudamental condition is a complete circuit of 
molecules, and the whole of conducting substances; where the 
electricity is developed by chemical action, part of the circuit must 
be a liquid, an electrolyte ; that is, a substance whose molecules will 
readily assume the condition of polarity, and break up into two 
distinct parts, and one which will give up energy in the act. 

This action occurs under the influence of the zinc, which, as it 
attracts the sulphuric radical, turns the hydrogen half of the 
molecule away from itself, and by diminishing the internal attrac- 
tions of this first molecule, disturbs those of others, if there be this 
complete chain provided along which the force can act ; if not, the 
hydrogen simply escapes, and the heat is at once set free. The 
action can be traced by the ordinary chemical symbols. Zd + HjSO^ 
must evidently first become Zn + SO4H2, then ZnS04 + Hj. The 
atoms of hydrogen are now what is called nascent, but they instantly 
form a free molecule, taking up and rendering latent that portion of 
heat or energy necessary to convert them into a gas ; but before this 
process is completed they are in a condition of great activity, and 
eager for combination, but as they are surrounded only by molecules 
the nature of which they would not change, ie. hydrogen com- 
poimds, they are compelled to become free, but where this complete 
circuit of molecules capable of polarization and discharge is pro- 
vided, this action is deferred ; molecule after molecule is decomposed, 
and the hydrogen is not set free until it reaches a point at which its 
nascent energy is powerless to effect a decomposition, and thus in 
the combination under examination it reaches the copper plate 
before it becomes free ; it does not do so at ^1 if it can help it, for 
if a reducible metallic salt is present at the cc^per plate, such as 
sulphate of copper, it displaces the copper, which fixes itself in 
turn upon the superficial molecules of the metallic plate, to which 
the polarizing force is transferred ; in fact, that action occurs which 
in the conditions absorbs the least amount of energy. 

loi. These two processes furnish us with a natural division 
of generators or batteries into two classes: (i) Those in which 
the hydrogen gas is set free; (2) Those in which the hydrogen is 
not set free, but displaces some other substance; and this latter 
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class consists of two kinds, those in which one liquid falfils all the 
requirements, and those in which two separate liquids are required, 
kept apart hy a porous diaphragm or partition. 

Before examining these various forms, it will be as well to 
explain various terms as to which there is much confusion in man j 
minds. As the action commences at the surface of contact of the 
zinc with the acid, the zinc is called the positive meted or element : 
and hence the order of polarization originated there in the liquid is 
such that the positive or + ends of the molecules are turned from 
the zinc, and consequently all the negative ends, which are the acid 
radicals, are turned towards it. This also corresponds with the 
terms of static electricity, and shows the wire united to the zinc 
plate and called its pole, in the same electrical condition as the 
rubber of a glass electrical machine — or negative. The action 
passing through the liquid to the copper or other collecting plate 
polarizes its molecules with their — ends to the liquid, and their + 
or positive ends towards its wire. Hence we have the zinc, the 
positive metal^ plate, or element, but its wire, the negative or — pole ; 
the copper is the negative plate or metal, but the wire proceeding 
from it the positive or -^pole; Fig. 39 shows this, together with 

Fig. 39. 
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one series of the reactions shown in their successive stages. Line 
I exhibits the arrangement before action, the molecule indifferent, 
the shaded part representing the + or metallic or basic element or 
half ; the white being the — or acid half. In line 2 we see the 
molecules polarized under the attraction of the zinc ; in line 3 the 
resulting ischarge, the whole chain simultaneously breaking up 
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ine atom of zinc forming a molecule of zinc sulphate ; and at the 
ither end of the chain, the two atoms of hydrogen, which are 
qnivalent to one of zinc, are set free, when they satisfy each 
4)tlier's attractions, and together form a gaseoos molecnle of hydro- 
gen. This step being reached, polarization again takes place, the 
iQolecnles making a semi-revolution, and resuming the position of 
line 2. It will be seen that this view of the action involyes two 
exertions of force at each stage, first the mechanical semi-revolution 
of the molecules on their axes ; and, secondly, the overcoming the 
chemical attraction within the molecules ; this latter also involves 
two separate actions, the actual disruption, which occurs only as 
to one molecule of the chain, and the temporary disruption and 
re-forming of all the other molecules in each cham. This is indi- 
cated here because it presents itself, and because the more clearly 
these various principles are seen, the more thoroughly the subject 
will be mastered. These various actions cause the internal resist- 
ance of batteries, while the energy given up during the interchange 
of zinc for hydrogen in sulphuric acid is the source of the 
electromotive force. 

102. That this condition of polarization or strain tending to 
disruption really does occur in this case is manifest, because 
althoagh actual disruption can only happen when the whole chain 
is composed of conducting materials, yet the tension which tends 
to produce it exists exactly as in the cases studied under static 
electricity. If the two wires are connected to a delicate electro- 
scope, the two plates will be found to exhibit electric tension 
exactly as if they were connected to a machine. This indicates 
the existence of Uie complete chain, the air or dielectric between 
the plates of the condenser being polarized ; connect the plates by 
a conductor, and discharge and current are produced. 

103. In all forms of galvanic generators there are a set of general 
principles involved which, once understood, explain the uses and 
values of each form. 

Electrical operations, like mechanical ones, consist of two 
distinct parts, (i) The generation or collection of energy from 
some source. (2) The application of that energy to effect the 
desired purpose, and this latter is divisible into two parts, that is 
to say, ihe conveying the energy to its work, in which process it is 
partially expended, and doing the actual work. Be tiie work we 
have to do what it may, one universal law governs all ; we must 
expend in doing it energy equivalent to the work and all the 
operations incidental to it ; under no circumstances will the work 
do, or help to do, itself; this may seem a mere truism, yet the want 
of understanding it costs this country many thousands every year. 
Economy, that is true practical working, consists in 'obtaining the 
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necessary energy at the lowest cost, and in avoiding all loss in 
applying it when obtained. 

Thus, in ordinary mechanics, it is necessary to select the cheapest 
fael, the best furnaces and boilers, then to avoid loss of heat in the 
steam pipes, or undue friction in the engine and connected 
machinery : at every stage there is room for a wise understanding 
of principles, and a due application of them. Electrical operations 
are perfectly analogous and require similar attention. The battery 
or other motor represents the boiler with its fuel, the conducting 
wires replace the steam pipes, and the work to be done and appa- 
ratus for doing it are the analogue of the engine and the machinery 
it may drive ; while the steam itself, with its capacity for bearing 
pressure, and thus conveying the energy derived from the com- 
bustion of the fuel, strongly resembles the electric " current," with 
the various tensions which set it up and give it power. 

We are thus led to the three fundamental expressions employed 
in the laws of electricity known as Ohm's formulaa, viz. electro- 
motive force, resistance, and current. It is upon a clear under- 
standing of these, in a perfectly definite form in place of the 
confusion of the old vague terms ** quantity and intensity," that 
sotmd and economical working must be based. 

104. The explanation of these terms will be found §§ 198—204; 
at present we have only to resume the consideration of the general 
relations of matter and force at the point to which §13 had reached. 
The various relations then described are perfectly definite, and the 
greatest advance of modem science has been the doctrine of 
Correlation of Force, the understanding, that is, that these forces 
have definite values and are capable of mutual exchanges of eqnal 
values, just as we exchange notes for gold, silver, or copper coins 
of equal value. 

105. The form of energy which gives most definite ideas to the 
general mind is mechanical exertion, the lifting of a weight. 

The usual unit for measurement for mechanical energy in this 
country is the foot-pound, that is to say, the work expended in 
lifting a pound weight one foot against the force of gravity ; and 
as all the different forms of work or energy are interchangeable in 
definite or equivalent values, from this unit we can ascertain the 
corresponding value as heat or as electrical action, in a form more 
definite to most minds than the special units. Every conceivable 
action, therefore, may be expressed in foot-pounds ; so also every 
effort made, every action performed against any resistance, requires 
a definite expenditure of so many foot-pounds of energy, every 
chemical action either produces or absorbs its own definite value ; 
and it may be stated in broad terms that every act of chemical 
combination gives out energy, and every act of chemical decom- 
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position absorbs or requires energy to be put into it. Thus, when 
we bom any substance, we get energy given out as heat ; when we 
want to reduce or unburn a substance, as in obtaining a metal from 
its ore, we must put back that heat into it, and we must put back 
exactly the same heat as it would give up in burning. 

1 06. Combustion is the union with oxygen at a rapid rate, but 
in principle it is simply a chemical combination, and all combi- 
nations obey the same laws ; each individual combination gives out 
a definite or specific amount of energy, and to decompose that 
combination, exactly that same energy must be put back into the 
elements of the substance. This is what is effected by the chemical 
actions of the galvanic current. 

Carbon, when burnt in oxygen, gives per lb. n,228,ocx) foot-lbs.; 
hydrogen, 47,887,000 ; and coal, which is a compound of these, has 
a similar theoretical value, of which, from the various sources of 
waste, only about one-tenth appears available in the steam engine, 
and much less, again, in actual work done. Zinc burnt in oxygen 
gives per lb. about 1,845,000 foot-lbs. 

107. But if any real knowledge is desired we must dismiss pounds 
from our consideration, because we must go to nature for our 
knowledge, and nature employs no pound weights in her operations, 
she uses only atoms, molecules, and equivalents, as defined §§ 2-12, 
to which definitions we must now add individual exactness, that is 
to say, we must consider the quantity of matter which nature puts 
into each of her atoms, that is, the atomic weight and the valency 
(§ 6) of the atoms of each element ; for the relation of electricity to 
matter, its passage through, and its effects upon, various substances 
are absolutely linked to, and wholly dependent upon, the atomic 
weights of the various substances, upon the valency of the atoms, 
and upon the consequent construction of the molecules of each 
distinct substance. (§ 9.) 

108. Gravitation acts upon matter according to its mere mass, 
without relation to its nature ; or, more truly, weight, our measure 
of the quantity of matter, is due to gravitation ; but heat, electricity, 
and all the forces which act within matter rather than externally, 
have a selective power : they act differently on different forms of 
matter, and upon examination it is found that these forces act, not 
npon mere masses, but upon the atoms and molecules of which the 
masses are built up ; their actions are related to the atomic weights 
and the valency of the several atoms. Thus a pound weight of iron 
would require twice as much heat to raise it to a certain temperature 
as a pound of silver would, but equal quantities of heat would raise 
to the same temperature an atom of iron 56 and an atom of silver 
108. This relation is called the specific heat of substances, § 196. 

But when electricity passes through solutions of these two metals, 
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dissolving. To convert this into " cnrrent," time has to be taken 
into account, and for convenience of calculation I take ten houra 
Then we measure electric currents by i grain of hydrogen, or 
equivalent action in ten hours. This unit, from its source I call a 
" chemic," and throughout this work this is what is meant by a 
unit of current, while the term imit of any substance means tlie 
quantity equivalent to this current as shown Col. YI. of Table XIII^ 
§253, for elements, and more generally in Col. V. Table V., § 16]. 
The convenience and importance of these units will be seen in the 
fiaxsilities they give for estimating the work and cost of batteries. 

111. The galvanic cell must be regarded for some reasons simply 
as a section of the conductor conveying the current ; and as the first 
law of the circuit is that the " quantity/* " current," or equivalent 
chemical action, is equal at every part of the circuit, the battery 
obeys this law. In each cell an electric equivalent of zinc is dis- 
solved by an equivalent of acid for every equivalent of metal depo- 
sited, or other work done which requires a " quantity " equal to 
that of one imit or chemic current, no matter whether the action be 
fast or slow. " Quantity," then, means merely the equivalent of 
chemical action — the passage of energy along one of the chains of 
af&nity, § 109. By this means we can calculate the cost of every 
kind of chemical or other work, knowing the rate of current to be 
maintained, and ascertaining the electromotive force needed to 
maintain it under the given conditions. For this purpose I have 
drawn up Table Y., § 1 67, which is used in the calculations relative 
to the different cells. 

112. The force generated by a chemical action depending on the 
degree of the af&nity at work in that action, that generating sub- 
stance is best which has the greatest attraction for the radical of 
the acid, but practical considerations limit us to iron and zinc as 
the cheapest ; both, however, have the drawback that they maintain 
their action whether we want the force they can give us or no ; but 
pure zinc is, however, very slightly acted on, except when the con- 
ducting circuit is closed, while ordinary zinc is continuously dis- 
solved. The reason of this difference is by no means clearly known, 
though it is usually attributed to the presence of foreign metals, 
setting up little local circuits ; and, therefore, this waste action, 
which contributes nothing towards the generation of current, is 
called " local action." It has been discovered that common zinc, 
when amalgamated with mercury, is not much acted on, and this 
seems to render this explanation somewhat doubtful. However, a 
well-amalgamated plate is scarcely acted on in dilute sulphuric 
acid, but the presence of nitric acid, or metallic salts, entirely does 
away with the protection, which appears to depend chiefly on the 
adhesion of a film of hydrogen gas to the surface, which prevents 
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contact with the liquid. When the circuit is closed the hydrogen 
is transferred to the negative plate, and the protection is removed, 
while the conditions of discharge bring fresh actions into play. 
Amalgamation also renders the zinc a better source of electricity, 
as it is more positive than ordinary metal. Zinc should always be 
well amalgamated for use in cells with acids ; it is of less conse- 
quence in presence of saline solutions, and in Danieirs cells it is a 
disadvantage, § 131. 

113. Amalgamation. — Care should be taken to use only pure 
mercury ; much of that sold contains lead and tin, which are mis- 
chievous. The mercury should be kept for some time in a bottle, 
with dilute nitric acid over it, and occasionally shaken up. To 
amalgamate zinc, wash it first with strong soda, to remove grease ; 
then dip it in a vessel of water containing one-tenth of sulphuric 
acid, and as soon as strong action takes place transfer it to a dish 
(such as a soup plate) ; pour mercury over it, and rub it well till 
a bright sUver-like film forms ; then set it up to drain on edge, and 
before use rub off any globules which are set free. Whenever the 
zinc shows a grey granular surface (or rather before this) brush it 
well and reamalgamate, remembering that saving of mercury is no 
economy, and free use of it no waste — ^for it may all be recovered 
with a little care. Keep a convenient-sized jar or vessel solely for 
washing zincs in, and brush into this the dirty grey powder which 
forms and is an amalgam of mercury with zinc, lead, tin, &c., and 
forms roughnesses which reduce the protection of amalgamation. 
This washing should be done whenever a plate is removed, and 
never less than once a day if in regular use ; the fibre brushes sold 
at 3d. and ^d, as coarse nail-brushes are excellent for these pur- 
poses, but of course must not be left soaking with acids. Let the 
powder collect for a time and then transfer it to a bottle, in which 
wash it with sulphuric acid first, and then with dilute nitric acid, and 
you will recover the mercury ; or the dried powder may be mixed 
with a little salt and distilled over from an iron retort into water. 
114. Boiled zinc should always be used in preference to cast. 
The latter is very hard to amalgamate, and has less electromotive 
power, but for rods for use in porous jars, and particularly with 
saline solutions, cast zinc is very commonly used. In this case, 
great care should be taken to use good zinc cuttings, removing any 
parts with solder on them, and using a little nitre as a flux, which 
will remove a portion of the foreign metals. 

Rolled sheet zinc, from one-sixteenth to a quarter-inch thick, 
BTiitable for cylinders and plates, costs about 4^. per pound. The 
simplest way to cut it to size is to scratch a groove with a steel 
point, such as a bradawl ; run first acid solution, and then mercury 
along this groove, and allow it to penetrate ; then repeat the pro- 
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cess on the other side, when the metal is easily broken ; it may 
also be cut with a handsaw. Zinc possesses a pecnliar property of 
softening with a moderate heat, so that hard and brittle as the 
metal is, it can easily be bent up into small cylinders, if held in 
front of a good fire till too hot to handle with the naked hand, and 
then bent round a piece of wood or metaL 

115. SuLFHVBio Acid. — This is the most important excitant used 
in ordinary batteries, and as it varies very much in quality asd 
strength, it is desirable that its properties should be understood 
Beal O.y. oil of vitriol has a specific gravity of i * 845, and contains 
about 99 per cent, of the true acid (H2SO4) ; it is of a clear colour, 
and has an oily appearance : this is the acid always meant when 
sulphuric acid is spoken of. Brown oil of vitriol is the ordinary 
product of the chambers, or this boiled down in lead pans, and 
contains variable quantities of acid. This is a question of price 
only, but this acid often contains impurities of serious consequence. 

Brown colour may be due to dissolved organic matter, straw, &c., 
and is of no moment. 

Arsenic is often present, and must be strictly avoided, as it imites 
with the hydrogen given off, forming a deadly poison when strong, 
and being in any case injurious to health. It is detected by diluting 
the acid, and passing a stream of sulphuretted hydrogen : arsenic 
forms a yellow precipitate. Another plan is to put the dilute acid 
in a flask with scrap zinc, closing the flask with a cork in which is 
fitted a small glass tube bent at right angles ; a Bunsen's gas-burner 
or spirit lamp is so placed as to make a part of this tube red hot ; 
the gas carries off the arsenic and deposits it as a black film in the 
neighbourhood of this spot. 

Lead is often present as sulphate, and must be carefully removed, 
or it will deposit on the negative metal ; it is only necessary to 
dilute the acid in a separate vessel, allow it to cool, and filter it off 
before use. 

Nitrous acid is often present and wastes the zinc, by destroying 
the hydrogen film, but is otherwise of no consequence. It is de- 
tected by mixing the acid in a test tube with two or three parts 
water ; when cool drop in a crystal of sulphate of iron ; if, as it 
dissolves, a brown colour is produced, there is nitrous acid present. 

The strength of acid used in batteries may vary from one- 
twentieth to one-tenth by measure of acid to water. 

Table IT.— Specific Gravity of SujiPHURic Acid. 

One-twentieth i*o55 .. 70 per cent. 1*598 

One-tenth I'loo .. 80 „ 1*708 

One-third i'259 .. 90 „ 1*807 

50 per cent 1*388 .. 100 „ 1*846 

60 „ 1-486 
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The third line is that strength which has least resistance, and 
ay be used in voltameters ; all the following lines are percentages 
>y weight. Very strong acid cannot be used in batteries, as there 
nst be at least water enough to dissolve the sulphate of zinc as 
rmed. A good solution is made by mixing i part by bulk with 
10 of water, which should be soft, as water containing lime is apt 
[io form a deposit on the metal surfaces ; if hard, it should be 
oiled before use. lOO grains by measure of such a solution will 
issolve about ii^ grains of commercial zinc ; but it is bad economy 
to nearly saturate the acid, particularly if several cells are com- 
biDed in series, as zinc is then pretty sure to be deposited on the 
lower part of the negative plate, which is thus destroyed for the 
time, and from which, as the zinc is pure, it is a troublesome pro- 
cess to dissolve it. But, allowing for impurity in zinc, local action, 
and a due proportion, or about one-fifth of free acid left, one pint of 
this solution would dissolve about if oz. of zinc. We may thus 
calculate the work a cell is capable of doing as about equal for each 
pint of solution to 24 equivalents or units, and the cost per unit of 
the single acid cells (line 27, Table Y.) '0438 of a penny, taking 
amalgamated zinc at 6d, per lb. 

116. As a general rule cells are used which are too small, and 
little regard is paid in proportioning them to their work ; this is 
no doubt due chiefly to a want of consideration of cause and efifect, 
and to the work being seldom regarded as a definite quantity. It 
is impossible for a small cell to work regularly, because the liquid 
rapidly changes its nature. In double liquid cells care should be 
taken that the two are so proportioned as to contain the relative 
quantities of the two liquids required for the work to be done, so 
tiiat neither is wasted ; and Table V. will show what these quantities 
are. In some cases, for practical reasons, it is best for the elements 
to be in the form of plates, but in many cells they are cylinders ; 
and then the question arises, which should be the outer one, the 
zinc or the negative ? This question may be put in another form : 
if the plates differ in size, which should be largest ? This has 
been a good deal discussed, owing to consideration being directed 
to only a portion of the subject. There are two good reasons why 
the negative metals should be largest, (i ) The zinc is subject to 
local action, or waste, which contributes nothing to the work, and 
therefore its size should be reduced to just that amount which is 
requisite to maintain the current required. (2) The negative plate 
is subject to ''polarization" or deposit of hydrogen upon it, and 
should therefore be as large as possible. 

After a great many trials, I have come to the conclusion that 
the best arrangement is ono in which the negative element is a 
cylinder fixed within the containing vessel, in &e middle of which 
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the zino can be suspended. This is recommended purely on tLe 
foregoing practical reasons; theoretically there is no difference in 
the force, or resistance, whicheyer arrangement is adopted \Fith 
cylinders : and the enlarged surface of a cylinder in great de^ce 
compensates as to resistance for its greater distance as compared 
with flat plates. Neither the size of the cell, or the size, form, or 
arrangement of the plates, has any relation to the electromotive 
force of the battery ; this being a function only of the chemical 
action of the cell is the same with a pair of fine wires as with plates 
a yard square. But size has a great effect upon the current the 
cell can produce, as it is a great element of the resistance ; but 
this effect is exactly the same as that produced when a long, fine 
wire is used for a conductor instead of a short thick one. 

117. The simplest form of galvanic generator, and the one first 
devised, is the combination of alternate plates of copper and zinc. 
Most electrical works employ a good deal of space, and many figures, 
in describing the various forms devised by way of improvement, by 
Cruikshank, Wollaston, and others, consisting chiefly of the mode 
of arrangement in the containing vessels, the use of double copper^ 
plates surrounding the zinc, and such like matters; the value of 
which has been entirely destroyed by further progress. But 
as the simple copper-zinc arrangement is the most unsatisfac- 
tory form known, it is wasting time and space to describe such 
modifications ; this couple calls for attention simply for the sake 
of principles. 

Copper and Zino. — ^When first a pair of plates are immersed in 
dilute sulphuric acid, and the wires connected to a galvanometer, a 
considerable deflection is produced, marking a powerful current, 
but even in a few minutes the effect rapidly decreases. 

After a short time the copper is seen to be covered by a dark 
film, which it is commonly stated is oxide of copper, and the other 
metals contained in it. This is erroneous, however, for it is evident 
that oxides could not possibly form in the presence of nascent 
hydrogen ; it is really a combination of this hydrogen with the 
metal, and the diminishing power of the cell is due to the formation 
of this hydride or alloy, which prevents contact of the copper with 
the liquid, thereby increasing the internal resistance, while the 
affinity of the hydrogen for the acid radical resists the polarizing 
power of the zinc, and therefore diminishes the electromotiye 
force of the couple or cell. See § 262. 

Pure copper, as deposited by the electrotype process, has a higher 
power, probably because of its purity, but also on account of the 
nature of its surface, which is covered with innumerable fine points, 
from which the hydrogen is given off more readily than from a 
smooth surface. Hence, if a copper negative plate is to be used, it 
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should have a doposit of copper formed on it. The rapid failure 
of power will he observed in Table IV., § i66. 

11 8. Ibon and Ziko. — Iron has often been recommended as a 
negative element becanse its sur&ce keeps clean. Its force is very 
low, as will be seen § 267 ; and also in the table of experiments, 
§ 1 66. The reason of its surface remaining clean is mainly that 
the acid acts upon it as well as on the zinc, and thus causes much 
waste. Still, its cheapness may tempt some to use it ; a very un- 
wise economy. For this reason it should be stated, that wrought 
or rolled iron is alone fit for use, as the presence of carbon in cast 
iron sets up local actions. 

119. Lead has been recommended ; but a glance at Table lY . 
will ^ow its worthlessness. 

120. Silver as Negative. — This acts very well, especially if a 
thickish deposit is formed upon a thin sheet, so as to obtain a rough 
Burfacep Such a coating may be deposited on copper, but deposited 
metal is always porous, and the acid is always found to act upon 
the copper ; this is the only drawback to a plan often suggested, of 
making negatives of copper-wire gauze plated, which otherwise 
makes an excellent negative : it should never be left in the acid 
when out of action. 

121. Platinized Silver. — ^Smee having assured himself that 
the nature of the surface was of the greatest importance, and that 
the hydrogen is more readily given off from a rough surface than 
a smooth one, and also bearing in mind that platinum has the 
highest electromotive force of all the metals as opposed to zinc, 
deposited this metal as a fine black powder on the surface of silver, 
and the cell with this as the negative plate, which justly bears his 
name, is one of the most valuable gifts ever made to electrical 
science. In its usual form it is of simple construction ; the silver 
sheet is held in a saw-cut down the middle of the inside surfaces 
of a wooden frame, of which the top and bottom bars may be f in. 
thick, and the sides f , the wood being well-baked and soaked in 
melted paraffin before putting together by the usual mortises and 
tenons ; a sheet of zinc is held on each face by means of a brass 
clamp with a screw, which presses them against the frame, and 
carries also the binding screw for the connection, that for the silver 
passing through a hole in the top bar, and being soldered to the 
silver ; the zincs should be narrower than the silver, in order to 
give free escape for the gas. For large works the sheet is fre- 
quently fixed upon a board, so as to use one side only, and is placed 
outside the zinc. In this case a very good mode of connecting the 
zincs is to have a narrow trough containing mercury across the 
bottom of the cell, connected by means of a wire covered with 
cement, so that merely standing the plate in the trough connects 
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the zinc at once, and also keeps up its amalgamation : a bar should 
be provided in the upper part of the cell for the zinc to lean 
against. Each zinc, for regular working, should be in the form of 
at least two phites ; one of them can then be removed and replaced 
by a fresh plate without deranging the work going on. 

Substitutes for silver have often been proposed, as copper, lead, 
and an alloy of lead, tin, and antimony ; they are all wretcliedly 
bad economy, and it should be remembered that the silver, even if 
a little costly at first, has an intrinsic value of its own, even when 
worn out. Boiled silver can be obtained ready platinized, or ordi- 
nary thin sheet can be lightly roughed with fine glass-paper, or by 
dippins in nitric acid, and the platinum deposited on it thns. 
Insert m a vessel with dilute acid, and connect it by a wire to a 
small slip of zinc in a porous vessel in the same acid ; in fact, 
mount it as a battery, but exposing at first only a mere tonoh of 
the zinc to the liquid ; drop in a few drops of platinic chloride, and 
stir ; gradually a faint colour forms on the silver ; add more plati- 
num salt, and increase the zinc surface ; and after a good adherent 
coat is formed, gradually increase the action till the surfiehce is 
fairly covered with a black coating, which touch as little as pos- 
sible. The platinum solution is made by dissolving scraps of thin 
platinum in a mixture of two parts of hydrochloric and one of 
nitric acids; the solution is very slow, and is best efifected in a 
flask with a long neck, in which is inserted a test tube filled with 
water, and stood by in a warm place ; it is not necessary to drive 
off acid or to crystallize for this use, as the free acids are of no 
consequence. 

Even this cell, however, it will be seen §§ 262 and 267, rapidly 
fails in power, if worked with a full current, owing to adhesion of 
hydrogen. 

122. Cabbon and Ziko. — Mr. Walker suggested the use of 
graphite plates, and has used them in batteries for telegraphic 
purposes ; it has'also been platinized, which increases its power. 
Owing to the greater resistance of carbon and its power of con- 
densing hydrogen, this combination gives a lower current than a 
silver plate of the same size, and has various inconveniences whicb 
render it less economical in the end than silver. See § 145. 

123. The usual form of any of these single liquid cells is that 
described for the Smee § 121, but except for the cost of the larger 
negative it is more advantageous to make this a cylinder as large 
as the jar will contain. For ordinary or occasional purposes the 
best mode of construction is to use a jar or a wide-mouthed bottle, 
and place the negative element in it as a fixed cylinder with wires 
coming from it to support it, which should be well covered with 
guttapercha or cement (§ 1 30), and to these a binding screw should 
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be fixed. Tlie opening shonld then be closed with a piece of wood 
prepared hj well baking and soaking with melted paraffin ; in the 
middle should be a hole which will just permit the zinc plate or 
rod to be passed in when required ; at other times this opening can 
be stopped to prevent eyaporation. 

1 24. A similar arrangement can also be made with a porous jar 
secxired in the top, and this may contain a saline solution to 
diminish action on the zinc. In ^s case, there must be provided 
an opening in the top, outside the porous jar, for the purpose of 
changing the liquid and allowing gas to escape. If the part of the 
porous jar above the liquid be well stopped with paraffin, § 128 
(or if merely a glass tube passes down to below the surface of the 
bqaid), the cell in this form becomes an admirable voltameter, 
if a small tube is fixed in the top to which a caoutchouc tube can 
be added to carry the gas away to be measured. This construction 
is available also for use with a second liquid in contact with the 
negative plate, as the similar form described § 145 is available for 
use as a single liquid cell. 

125. Odda-and-enda CeU. — Smee proposed what he called an 
'^ odds-and-ends " cell, composed of a jar in which a quantity of 
mercury Vas placed with scraps of zinc : broken plates, even raw 
spelter might be used by floating them in the mercury ; a plate of 
platinized silver was then suspended in the jar and the acid solution 
added. This has been tried by many, but for many reasons has seldom 
given satisfaction. It is, however, well suited to operations requiring 
a continued current, as the chief objection is the great local action, 
especially when so constructed that platinum can fall on the zinc and 
mercury. The following modification, however, will be found useful 
for working up scrap zinc, as it can be inserted in the liquid just 
while required. Take a vessel, such as an old porous jar, and 
pierce its walls with holes, or make one of guttapercha, which is 
stronger ; the lowest inch or so is not perforated, as it is to contain 
mercury, to the bottom of which is plunged a stout copper wire, 
amalgamated at its end, but covered everywhere else with gutta- 
percha, and cemented to the side of the vessel, reaching to its top, 
where it is to be soldered to a binding screw which is the zinc 
connection. All the rest of the surface is pierced with as many holes 
as possible, consistently with strength, to allow free circulation of 
liquid. It is then filled up with pieces of zinc, amalgamated and 
in as close contact as may be ; the whole acts and is used just as if 
it were an ordinary plate. The mercury is subject to little waste, 
bnt now and then the whole should be removed, well shaken up 
together, and repacked, and at times the mercury as it becomes 
charged with metals should be filtered by squeezing through a wet 
ehamois leather, the residue being preserved and added to the 
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collection described §113. This zinc cell may be nsed either in 
any form of single acid cell, or in a Daniell or other cell, within a 
porous jar. 

A porous cell similarly £tted and either with or without the holes, 
containing mercury in the bottom, may also be used in the bottle 
form described § 124; this allows all the connections of a battery 
to be arranged, and action set up at any moment by placing the 
loose zincs in the mercury ; if desired, all the zincs can be attached 
or hung to a frame or bar, suspended oyer the battery and lowered 
all at once into their cells. 

The cost of such a cell working with zinc, worth at most 3d. 
per lb., would be at most '0284 of a penny per unit. For opera- 
tions on a large scale, perhaps the best form is a cell like Fig. 42, 
§ 130, one side charged with zinc sulphate, haying a layer of 
mercury at the bottom for the scrap zinc, the other containing 
the silyer plate and acid. 

126. ALL the combinations described so far haye two faults, 
(i) Weakness, Owing to the force being largely absorbed by the 
escaping hydrogen, their electromotiye force is low, and any large 
resistance greatly reduces the current they can yield. (2) Want of 
Constancy, As shown by the rapid fall in the experiments, § 166, 
though this is in great degree oyercome by largely increasing the 
negatiye surface. Constancy is a term frequently misunderstood ; 
it does not imply that a cell shall work for a long time, as that 
depends mainly on its size and the quantity of excitant supplied to 
it; constancy means the furnishing of a steady equal current 
during the time for which the cell is at work. 

127. Two Liquid Cells. — For many purposes, constancy is 
essential, and it is desirable in all, hence continual efforts haye 
been made to oyercome these two defects, and with considerable 
success, though a really constant battery has yet to be discoyered, 
notwithstanding the praises bestowed by manufacturers and patentees 
on seyeral forms. As yet approximate constancy is only to be ob- 
tained by the use of two agents, one acting on the zinc, the other 
absorbing the hydrogen at the negatiye plate, and the success is 
greater just in proportion to the degree in which this negatiye plate 
and liquid can be kept in their normal condition, or at least, in an 
unchanged relation to conductiyity and chemical action. Hence 
they all require a separating medium, as to which a few practical 
obseryations will be of yalue. 

128. Porous Jabs. — At first, animal membranes, bladders, ox 
gullets, &c., were employed. In some cases good paper is useful. 
In experiments requiring great resistance, glass tubes plugged with 
plaster of Paris, or eyen clay, are employed ; for small experiments, 
or for platinizing silyer, the bowl of a tobacco pipe may be used. 
For practical purposes, howeyer, unglazed earthenware is the only 
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material of any service, and it is now to be obtained in any form and 
size. There are many qualities, and they must be adapted to the 
special purpose. These porous jars act only by the liquid they 
absorb, and as they very greatly reduce the area of liquid through 
which the action takes place, of course they greatly increase the 
internal resistance, and diminish the action (§ 232) ; on the other 
hand, there is no possibility of preventing some mixture of the two 
solutions thus separated, and this causes waste by local action 
besides affecting the regularity qf the actions. Hence for long- 
sustained action a thick and close-grained jar must be used, while 
an open and more porous one suits best for short periods and strong 
action. The most porous ones are of a red colour and soft material, 
the finest and most enduring are close-grained and white ; a good 
material is soft and may be scraped with a knife. The best test is 
to fill them with water and see how long it is before it forms a dew 
on the outer surface, if it runs ofif the jar is not fit for use. It is 
a great improvement to render the bottom, and still more the part 
which is to remain above the liquid, non-absorbent. If this is not 
done the salts rise up, effloresce, crystallize, and disintegrate the 
jar. For the same reason jars taken out of the liquids must not 
be permitted to dry, but should be kept soaking in water to prevent 
their destruction. This is of particular importance with jars used 
foe the Daniell's cell, as they are very apt to get nodules of copper 
deposited on them wherever the zinc has touched the inner surface, 
and particularly at the bottom, where drops of mercury or flakes of 
zinc fsdl, and then the cell is very soon rendered worthless ; if this 
occurs, the spot of metal should have some cement or guttapercha 
laid over it, so as to render it non-conducting. Some porous jars 
are glazed at the upper part ; when this is not the case they should 
be rendered non-absorbent by standing in a thin layer of paraf&n 
kept just above its melting point, till this has been soaked up as 
far as is required. 

129. The Daniell's Cell.— This, the first devised improvement, 
is also the most successful attempt to obtain constancy. To it also 
we owe the discovery of the electrotype process, and all it has 
grown into. Its principle is, that copper, as the negative metal, is 
surrounded by a solution of a salt of copper, which is reduced ; 
instead of hydrogen, copper is set free, and it is deposited on the 
negative surface, which is thus kept constantly renewed. The acid 
of the salt is transferred by electrolysis to the positive metal, through 
the porous medium, hence if a fresh supply of the salt is added 
to the solution to replace that removed, this part of the arrange- 
ment remains constantly in the same condition ; but still absolute 
constancy cannot be obtained, because as the zinc dissolves, the 
solution belonging to it becomes less active and less conducting. 
The great drawback to this cell is that the copper salt passes by 



mtdotnoie into tbe zinc solution, and acts on the zino wliere the 
copper is deporitod, and causea great waste by setting up local ! 
actiona. It is to diminish this that a great Tariety of formB have 
been anggoBted, known by the names of the proposers and patentees, 
some of which are described below. A plan I have foand to 
answer with large cells for long-oontinned experiments in which 
constancy was important, is to use a larger porons jar outside the 
sine one, filling the space between them with a strong solntion of 
line sulphate, and some zino cuttings to decompose any copper 
salt entering ; the inner cell is thus kept nearly free, bnt of coarse 
the internal resistance is somewhat increased. The ordinary form 
of the Daniell is shown Fig. 41, 
Fio. 41. a the copper veesel fitted with a 

reservoir 6 for the crystals, e 
tbe porons cell, d the zino rod 
suspended in It by a bar pass- 
ing throngh it. liie part of the 
copper cylinder within the re- 
servoir is of conrse perforated. 
Modes of oonstntction may be 
varied to any extent. Thus 
instead of a copper containing 
vessel, a glass 01 earthen jar 
may be used with a cylinder of 
sheet copper, or such a jar msy 
be covered inside with a film la 
wax, blackleaded, and the de- 
posited copper will form its 
own anrfsoe, bnt the first is the 

^ best plan, especially as the snl- 

~ ~ phate of copper has a great 

tendency to climb up glass surfaces, on which it crystallizes and 
finds its way by degrees to the outside. 

i;o. Instead of cylinders, flat plates may be used in a vessel 
across which a plate of porous material is fixed, and this form has 
several advantages, among others it is easy to make the cell itself 
serve as a depositing vessel by using models, seals, &o., in fact any 
object we wish to copy, as the negative surface, by saspending 
these to a rod which forms the + pole of the battery. This is m 
feet what is called the single-cell process of electrotyping. In this 
case the cell is best made of wood, lined with a resinons cement ; 
guttapercha may be used, but has the disadvantage of facilitating 
the creeping process of acids and salts, which is troublesome and 
messy, besides causli^ loss of power by establishing paths by 
which the force escapes. Four parts resin melted with one of gotta- 
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)erclia, and a email quantity of boiled oil, utswera porfectly ; the 
^ood ^ould be perfectly diy and warm when it is applied.* Bnch 
in apparatus ia shown in Fig. 42 ; a b ia the box dirided by the 
porous partition d; c is a place for holding the orystale ; e and / 
ire two bars of metal, to which ore hnng the objects to be copied 
and the zinc plate, and each is fitted with the necessary binding 
screw. The bare being movable, it is easy to rognlate the dis- 
tances, and so to control the action, by altering the internal resistance. 




This apparatus answers admirably for a voltameter by using a 
light copper plate and weighing it after the conclusion of an 
esperiment. (§ 190.) 

Instead of a fixed porous partition a flat porous cell may be 
used to contain the zincs, so as to have copper on both sides. In 
this and in other coses a convenient connection to the zincs is a bar 
of wood crossing the cell with a deep channel in it to contain 
mereury or a row of mercury cups let in it, all connected by stout 
copper wires to a binding screw at the end of the bar ; the zinos 
have a stoat copper wire soldered to or cast in the upper end, and 
this, is bent over so as to dip in the mercnry, and allow the zinc to 
b(i instantly removed and exchanged. 

The Dudell cell will serve as an approximate measurer of 
citrreDt by the solution of the crystals. As these contain one- 
fonrth their weight of copper the qiiantity needed for a given work 
is easily calculated, and if this is put in the reservoir, when dissolved 
it will indicate the completion of the work ; for instance, if we 

shs mar ^ "s*^ ''"' 
; for this purpOM it 
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desire to deposit a plate of copper of a certain weight, wben about 
four times that weight of crystals is dissolved the proper deposit 
will be made ; any kind of work may be similarly reckoned bj 
means of the Equivalent system and Chemic unit of current. 

Many of the telegraph lines are worked by Darnell's cells, fitted 
with pLates in cells, either divided by a fixed plate or the zinc con- 
tained in a flat cell, only the side of which facing the copper is left 
porous, the others being smeared with tallow, &c., to diminisli 
endosmose. Several of these are mounted in one box, provided 
with binding screws for making the necessary oonnectioiis. 

Instead of a porous plate dividing the cell permanently into two 
parts a row of common porous cells may be used, so that the zinc 
may be partially removed for cleaning, &c., one at a time, without 
much affecting the current; such cells may also be distributed 
about among a number of plates or objects, in order to eecuie 
equal distribution of the action. 

131. The fluid surrounding the zinc may be the usual acid, or 
where rapid action is not needed, common salt, or sal ammoniac, and 
other substances are used, or for telegraph purposes, piire water; 
in these cases the zinc need not be amalgamated, which has ihis 
advantage, that any copper reduced on it does not combine, but 
causes less local action, and is more easily removed, by means oi» 
hard brush. The local action in this case is only that due to this 
endosmotic salt, but when acid is used a much greater waste is 
caused, as the copper on the zinc sets up local circuits, and canses 
the acid also to act upon the zinc ; it is also more difficult to 
remove the copper as the reduced metal is fixed by the mercarj; 
The best solution to use when constancy is desired is a half satu- 
rated one of sulphate of zinc, which is kept in proper condition bj 
occasionally removing a little and replacing with water. When 
a battery is required only at intervals, the zinc solution should be 
emptied into a jar with a few scraps of zinc to reduce any copper; 
excess of zinc should not be added, as zinc has the Utile kiown 
property of acting upon its own sulphate and producing an m- 
soluble basic salt, which however redissolves on heating with a 
little free sulphuric acid. 

132. The theory of the action of the sulphate of copper cell is 
easily explained as an extension of that shown Fig. 39, § lOi* 
If we consider the two molecules to the right of the porous 
partition to be sulphate of copper, 



We have, 

polarized ^ 

breaking up ZnSO^, HaSO*, 



H2SO4, H2SO4 



CuSO^, CUSO4, 
SO^ SO*Cu 



O 

o 
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The last line shows that what occnrs is that an atom of zinc is 
taken up and one of copper displaced, that the source of the force 
is simply the difEerence betv^een the affinity of sulphuric radical for 
zinc and copper ; the acid serves only as a conductor, as it will be 
seen that there is the same quantity after action as before ; the force 
yielded is equivalent to the heat zinc would give while precipi- 
tating copper from its sulphate, and is really the difference between 
the internal force necessary to the existence of sulphate of copper, 
and that bound or latent in sulphate of zinc. It is probable also 
that it is only at the last molecule that copper sulphate forms part 
of the circuit if there is free acid present, but that does not affect 
the principle, which explains the action more comprehensively than 
the idea that water, or even acid, is decomposed, and completes the 
circuit, while the nascent hydrogen merely xeduces the copper 
chemicMilly. (See also Fig. 68, § 281.) 

133. This form has been fully examined because of its import- 
ance, both practical and theoretical, and it only remains now to 
show the cost of its working. In this instance, this is shown in 
full detail, and will serve to show how the cost of the other forms 
has been arrived at in Table YI. § 168. 

The local action will depend on the quality of the porous vessel, 
rate of working, &a, but we may allow 5 per cent. We have then 
per unit, by Table V. § 167, 

Line 24 Zinc unamalgamated '0195 

„ 9 Copper Sulphate '0900 

Local action '0055 

•1150 
„ 8 Copper •0566 

of a penny .. '0584 

This assumes that zinc sulphate is used in the zinc cell and 
costs nothing, it being a product of the working. The reduced" 
copper is taken at the common value, but if it is deposited in 
tisefiil forms the actual cost of the cell will be reduced to nothing 
in many cases. 

134. MEiDENaEB Cell. — This is a modified Daniell with the 
copper cylinder inside and a reservoir of crystals in a fiask, as 
there is no capacity for it in the cell. The flask is closed with a 
perforated cork, fitted with a glass tube, which dips below the 
BurfjEu^ of liquid in the cell, and keeps up the supply on the 
prmciple of the bird fountain. Such a cell furnishes a Eonall 
constant current for a great length of time, but is of course liable 

H 2 



to great local action nnlesB the work is regular and adjusted to tbe 
rate of Bolntioa of tbe salt. 




1 35. A Bimilor arrBUgement ie sometimeB used without a porous 
cell, and with the copper aTTanged as a flat plate at the bottom of 
tbe jar ; the principle is that the dense aolution of tbe copper 6*11 
flowB slowly out and spreads over the copper in a thin film wUcli 
is redaced before it rises, provided the rate of flow is just balanced 
to tbe work of tbe cell. For tbia purpose a funnel filled with 
ciyBtals may be used in place of tbe flask and a loose cover need hi 
prevent too great evaporation : tbe zinc may be a ring or plate 
suspended in tbe liquid at a height such as to remove it &om too 
ready access of the copper salt. This is of course a modificatioii 
of the principle of the Gravity Battery, § 157. 

1 36. The Minotto has been mnch lauded ; it consists of a jar, 
at the bottom of which is a copper plate, fitted with a wire, this is 
covered with an ineb of crushed sulphate of copper, and this again 
with a layer of silver sand which is to act as the porous divisioE. 
Some use sawdust instead of sand, others paper pnlp, or felt, and 
each of these gives the name of its proposer or patentee, to what 
is a mere form of the Daniell, and all are liable to its defects ; they 
are nseful for some porposes in which a great internal resiatuice JB 
not an objection, bat the copper inevitably finds its way to the 
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137. Callaud's G&ayitt Cell resembles these last in form, but 
tmsts only to the greater specific gravity of the solution of copper 
sulphate and its slow solubility, to protect the zinc. The bottom 
of the jar is covered with a sheet of copper fitted with a wire con- 
ductor, upon this is laid a stratum of crystals of copper sulphate, 
which should be large if a small current is wanted, small when 
much work is to be done ; the zinc plate is suspended above and 
the jar charged with water, or a weaSs. solution of sulphate of zinc ; 
it must of course be placed where subject to no vibrations or dis- 
turbance, and has been much used on account of its inexpensive 
construction in the telegraphs, especially in France and America, 
but has been little used for other purposes. 

138. Spibal Battery. — ^A form of the gravity battery has been 
patented lately which claims as its principle the separation of 
different liquids by means of a kind of repulsion set up by the 
electric current. The negative element consists of a stout wire 
wound in a flat helix, which occupies a position about the middle 
of the vessel, the wire then descends from the middle of this, 
either in a straight line or a spiral, and forms another helix 
spreading over the bottom of the vessel, from which it rises in a 
guttapercha tube to the top of the vessel, terminating with a 
binding screw. A tube or funnel may occupy the middle of the 
vessel and contain a supply of crystals, and the zinc is a plate 
suspended in the upper part ; it is claimed that the copper salt will 
not rise above the copper spiral. A similar arrangement is used 
with a current passed into it as a separator of liquids. All the 
turns of the wire are to be in the same direction, so that all the 
parts of the current are parallel. 

139. The next great class of generators includes those which 
employ at the negative plate some substance containing oxygen in 
a state to be readily given up. The ingenuity of inventors has 
been much exercised in devising variations of (i ) the negative plate, 

a the oxidizing agent, this latter being either liquid or solid, 
e principles and qualities of the many different forms will be 
much better understood by keeping this classification in view, 
than by a mere description of particular forms. 

140. Gbovb's Cell. — This was the first devised, and is for many 
purposes the best of its class ; the negative is platinum, which is 
usually employed too thin in order to save in first cost ; the form 
is not essential, but it is usually a flat plate, which ought to be 
corrugated vertically as this enables a large surface to be exposed 
and makes the plate stiff ; this is placed in a narrow flat porous 
vessel to contain the excitant, nitric acid, in quantity suited to the 
work. The zinc may be a couple of plates, or a single plate bent 
so as to surround the porous jar at a distance of f ths of an inch. 



Fig. 44 ahowB this cell in eectioD, and will serve for many of its 
modificfttionB, 





141. BnnsxN 8 Cell la the same with eome form of graphite, 
nsnallj gas carbon employed in place of the platiniun of GiroTe's. 
It also may be m tho form of a plate but la more commonly a 
solid block in a cvlmdrical porona jar as m Fig 45, which will 
eerre as the type of the circtilar forms 

143. Cabbonb — The employment of carbon 18 attended with 
some dif&cultiea which call for attention Carbon is one of the 
moet remarkable of the elementa, poBsesBing what is called " allo- 
tropic " forma, § 8 m which though chemically the same thing, itE 
physical properties are different, with different relations to heat, 
electricity, and bght such varieties are the diamond, charcoal, 
and graphite. It is this latter which is nseful m electricity, either 
in its natural form of plumbago or blacklead or the artificial 
deposit of gas carbon It must be clearly understood that thi s 
substance is nol coke coke is the solid residue left after distilling 
coa! ; the graphite comes from the <iae the nch hydrocarbons of 
whi<^ are decomposed by contact with the heated retort, on which 
they form a shell it is in fact a great nuisance to the gas maker, 
as it arises from the destruction of the richest gas, injures the 
retorts and wastes the heat; in the gas works it is called ''scurfing." 
The densest and hardest is the best for electrical use ; it shonld be 
almost non-absorbent, and ring like a metal when struck, and have 
a clear grey colour, not black. It is rather costly when good, 
because of the great difBeulty of working it. 

The best mode of cutting carbon is' that employed by stone- 
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cutterB, by means of a piece of iron, sharp silver sand, and water ; 
important elements of the process are time and labour, for the 
material, if good, is very hard to work. 

143. The chief difficulty with carbon is making the connection 

with it ; this is commonly done by simply fixing a clamp on it, in 

wliich case a piece of platinum ought to be interposed between the 

two surfaces. A better plan is to deposit copper on the upper part, 

and then solder the connection to it, as this gives continuous 

circuit ; the copper takes on it just as it would on a metal. There 

is one drawback to this, the same in fact which requires the 

platinum interposed in the first plan ; the acid both creeps up the 

surface and soaks into the substance, and then acts on the copper 

and destroys the connection. The following plan, however, I have 

f oimd a perfect protection against this. Heat the end of the carbon, 

and touch the part just beyond where the copper is to extend to 

(which should be about half an inch from the end) with a piece of 

paraffin, taking care it does not run up the part to be deposited 

on ; should it do so, it may, however, be driven off by strong heat ; 

when cold, cut a few scores in the surface to give a hold to the 

copper, and drill a hole through, in which fix firmly a copper wire 

projecting on each side ; now, with a warm iron, spread a good 

film of paraffin from the line of the intended coppering as far 

down the carbon as the part to be immersed in the liquid of the 

battery when working. Connect a wire to the carbon by a screw 

clamp, and insert in a copper solution, arranging at first for a quick 

deposit to prevent entrance of moisture into the pores of the carbon. 

When a good deposit is made, drill a few holes right through 

copper and carbon, soak in water to remove any absorbed copper 

salt, and dry it thoroughly. Now tin the part to which the binding 

screw or connecting wire is to be soldered, and stand the carbon 

with its coppered part in a vessel of melted paraffin, just as 

described § 128, tiU its upper part is well saturated, the holes 

being intended to ensure this. When the connection is soldered a 

coating of paraffin may be spread with an iron over the copper, 

and all parts of the carbon not intended to be acted on by the 

liquid. No cement is of any use for this purpose, paraffin alone 

resists powerful oxidants, such as nitric acid, and it is equally a 

protective against caustic alkalies. 

144. Artificial Carbons. — Plates or blocks may be built up 
from powdered graphite mixed up with coal tar or strong rice 
paste, into a stiff dough, which should be dried, heated, then 
packed in powdered carbon in a closed vessel and heated to clear 
red for some time. When cool they should be soaked in strong 
syrup of sugar or treacle, again dried and treated as before : this 
process must be repeated until the carbon is perfectly dense and 
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strong. In this way are made cylindrical yessels, left somewhat 
porous to hold the acid and act the twofold part of porous jar and 
negative plate; many of the plates and blocks in batteries of 
French make are thus made, and work fairly well, bnt under some 
chemical reagents they break up. 

Battery plates, &c., are also made of plumbago crucible material, 
but this soon disintegrates. Faure's Battery is made of this materia] 
in exactly the form of a ginger-beer bottle, this contains the acid 
under a pressure caused by the gases given off, which are retained 
by means of a graphite stopper ground in, which also serves for 
the connection of the cell, being fitted with a binding screw. 

145. Composite Gbaphite Battket. — A very convenient cell 
may be built up on the system described § 124. In the middle 
of a jar stand a porous cell, and outside this, one or more strips of 
carbon prepared as § 14} : then pack the space well with pieces of 
broken graphite, cover with a ring of wood or pasteboard prepared 
with parafifin, with apertures cut in it for the carbons to pass 
through, and fitted with a large tube for supply of liquid, and a 
smaller on the opposite side to allow air to enter and gas to escape : 
on the top of this run in any cement, such as resin and brickdust, 
to secure the whole. In this and in all cases where cement is 
intended to adhere to glass or earthenware, these should be first 
warmed up to a point just enough to melt the cement when rubbed 
over the surface. 

This cell may be used with any liquids, it does not polarize 
quickly on account of its large negative surface, therefore it is 
pretty constant, but it has considerable resistance owing to the 
imperfect conducting power of the carbon when thus merely in 
contact.* 

146. Iron, <&c. — Other materials have been employed, as lead or 
iron. Cast iron has been strongly advocated under the name of 
Callan's, or the Maynooth cell; a very few words will smn up 
their qualities. They are worthless. If anyone wishes to lose 
his temper and his money he can use an iron cell with every pro- 
spect of success. They waste the acid, which at some unexpected 
moment boils over; in fact they have every evil quality without 

♦ The conducting power of carbon is much below that of metals, and unlike 
them it rises with the temperature. Matthiessen gives the following values com- 
pared with silver as 100 : 

Purified Ceylon graphite 0*0693 

Gas coke 0*0386 

Bunsen's battery coke 0^0246 

It is sometimes used as a resistance measure, small glass tubes being filled with 
powdered graphite. Mr. Phillips has likewise devised a measure for very high 
resistances, made by drawing lead-pencil lines upon ebonite and other suitable 
surfaces. 
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one Tedeeming point. The force is only three-fourtlifi of carbon, 
so it requires fonr of them to giye a current equal to that of three 
Grove's and Bunsen's ; and as the iron is acted upon, this, and the 
equivalent of the costly nitric acid, is wasted. 

147. It is difficult to state exactly the reactions which take 
place in the nitric acid cell, as they are continually varying with 
the strength of the acid. HNO3 may lose one atom of oxygen, 
becoming HNO2 i^trous acid, under two units of action which 
provide H2 to form H2O water : but one atom of hydrogen is 
equally able to take up one of oxygen together with the hydrogen 
of the acid ; thus HNO3 -f H becomes HjO + NO2 ; or the same 
reaction taking place with the residue (nitrous acid) of the first 
case, HNO2 + H becomes H2O + NO. In each of these cases the 
work done electrically, by one atom of acid would be different. 
The principal action which really occurs is the first and third com- 
bined, HNO3 + H3 becoming 2H2O + NO, and according to this, 
one atom of nitric acid is effective for one and a half equivalents 
of electrical action ; or to express it practically, though not in the 
true chemical language, two-thirds of an atom is the equivalent. 
This action is, however, complicated with others, for the acid is even 
totally deoxidized and converted into ammonia to some slight extent. 
Owing to this and to the loss by evaporation or carrying away of 
acid by the escaping gases, and by leakage through the porous cell, 
and the impossibility of exhausting the acid, the full atom HNO3 
must be regarded as the equivalent. Hence the cost of working is 
•1570 of a penny. 

The internal resistance is very low, so does not waste much 
energy. It also diminishes during the first part of the action 
while the gases are being absorbed by the acid. 

148. Strength of Nitric Acid. — When we buy nitric acid we 
only get a solution of it, varying very much in actual strength. 
The following table shows the strengths of different qualities and 
the quantities of each representing an electric equivalent. 

Table III. — ^Nitric Acid. 





Spedfio 


Percentage 


Atoms per lb. 


Atom In 1000 




Gravity. 


HNO,. 


liquid grains. 




I'52IO 


100' 


iii'il 


21-4 




1-4518 


inn 


86-42 


17-90 




I '4200 


70 '000 


77-78 


15-78 




1*4000 


66- 


73* 


14*49 




1*3945 


64'i56 


71-28 


14-19 


6 


1-3732 


60-437 


67-15 


13-17 


7 


I '2402 


38-121 


42-36 


7*51 
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1, IB the absolute theoretical acid, called the ist hydrate fonoerlj. 

2, is 2HNO + 2H2O, formerly the 2iid hydrate. 

3, is 2HNO3 + 3H2^* ^^ is ^^6 strength to which boiling 
brings both stronger and weaker acids and distils unchanged at 
248° Fahr. 

4, is the strength taken in the table, § 167. 

6, and thereabouts, is double aquafortis^ and about 7 is single 
aquafortia. 

149. Salinb Solutions are sometimes used in the zinc cell, bnt 
this is bad economy, as it results in the solution of the zinc being 
really affected by the nitric acid, of which therefore double qnaatity 
is used. But such solutions, and preferably a half satoiated 
solution of zinc sulphate may be used if the equivalent proportion 
of sulphuric acid be added to the nitric acid in the porous cell. 
An acid is sold at a low price under the name of dipping acid, 
which contains a good deal of sulphuric acid, and this may be 
advantageously employed in the porous cells. 

150. Alkalinb Nitbates. — Several of the variations of the 
nitric acid cell are based on the use of the nitrates of soda or 
potash in place of nitric acid ; nitrate of ammonia, even, has been 
employed, but it is expensive and has no sort of compensating 
advantage. When a solution of these nitrates is mixed with 
sulphuric acid, a reaction takes place by which the base is divided 
between the two acids in ratios depending on the relative propo^ 
tions present ; hence results a solution containing a proportion of 
free nitric acid which acts in the usual manner, whQe the remaining 
nitric acid is only set free as the action of the battery proceeds. 
Nitrate of soda is the best, it 'is cheaper by the pound, its equiva- 
lent is lower, and therefore the pound does more work, and it is 
very much more soluble, and therefore a much more active solntion 
is obtained. It is not, however, generally known that water when 
fully saturated with one of these salts will still dissolve nearly as 
much of the other as though it were pure water, and thus the 
strongest solution is made by dissolving both the salts together. 
With nitrate of soda at 2d, per lb., the cost of the atom of nitric 
acid obtained from it in the cell is '0456, against • 1096 of the acid 
itself at Qd. per lb., but while this latter contains 14*5 units in 
1000 fluid grains, the nitrate of soda solution would contain abont 
6*5, and therefore require much larger porous cells. But the 
great drawback is that it gives less force, as may be seen § 268, and 
Sie internal resistance is much greater than with nitric acid. 

151. Slatbe's Iron Cbll. — In almost all the forms of battery 
iron may be used in place of zinc for the dissolving metal, but 
owing to its lower electromotive force, and other practical reasons, 
it is seldom employed ; however, Mr. Slater has introduced a form 
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of cell in which iron as the negative metal is combined with the 
use of nitrates as the oxidizing agent, and which may be of use 
vrhere it can be so placed that Uie fumes from it are not injurious, 
for though less than in other cases, these are still given ofi^ and 
render it objectionable in a confined space. 

Its construction needs no detailed description, as its only differ- 
ence from the Bunsen is the substitution of iron for zinc, a plate or 
block of carbon being in the porous cell, which, in this case, ought 
to be of large dimensions. The solution is nitrate of soda, saturated 
at 100° Fahr., and 2 equivalents of sulphuric acid added for i of 
salt dissolved, which brings the specific gravity to about 1 568. On 
cooling, a quantity of sulphate of soda crystallizes out. 

At starting, the outer cell is charged with water, to which is 
added a small proportion of the solution to render it conducting, 
and set up the action, which is then kept up by electrolysis and by 
endosmose, though it is to be observed that the liquid passes some- 
what rapidly into the inner cell, the liquid in which stands at a 
considerably higher level than in the outer ; the action is maintained 
by removing a portion of the inner liquid at times, and adding fresh 
solution, so that there is little waste. The power of this cell is 
considerable, and its cost * 1086 of a penny per unit. 

152. BioHBOHATE OF PoTASH. — In ordor to overcome the nuisance 
of nitrous fumes, various substances yielding oxygen have been sub- 
stituted, and this is one of the most commonly employed. Its price 
varies from 8d, ix) is, per lb., according to that of potash. It is not a 
true twofold acid salt, like bisulphate of potash, and its formula is 
variously written as K202Cr03, or KaCrjOY, making its atomic 
weight on the new notation 295 * 2. Four atoms of sidphuric acid 
(98 X 4 = 392) unite with this, and the result of the reaction 
when effected in a battery and completed, is the production of 
chrome alum, and 3 atoms of oxygen, the abstraction of which, by 
the nascent hydrogen set free by the reaction of 3 more atoms of 
acid upon zinc, is the cause of the action considered apart from the 
preHminary action of the sulphuric acid on the salt itself, which 
does not affect the ultimate result. Thus omitting the extra water 
required for the alum, 

KaCrgO^ + 4H2SO4 = "2KCMSO4 + 4H2O + 3OJ 

3Zn + 3H2SO, = 3ZnS0, + 3Hj3^ ^• 

165 294 483 6 I 

In this notation, = 16, and the electrical unit of oxygen being 
^i this quantity of salt is equal to 6 units ; that is to say, its own 
equivalent or unit is 49 ' 2 ; or for convenience, and to allow for 
inipTirity, say 50, which quantity requires 66 by weight, or 38 by 
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measure, of stdplmric acid to efifect its own decomposition ; if in 
the same solntion is to be provided the acid to act on the zinc, an 
additional equivalent is needed, making the quantity for eacli imit 
of work 115 grains by weight, or 66 by measure. 

Owing to the insolubility of the salt, the solution is weak, a pint 
being only about 25 units, therefore a large porous cell must be 
used, unless, as is better, the zinc is placed within. The usual 
directions for preparing tiie solution are to dissolve 3 ounces of the 
salt in a pint of water by aid of heat, and when cool, add one- 
twelfth its bulk, or 2 ounces of sulphuric acid, but this is erroneous ; 
it only supplies the first 4 equivalents of acid, and though given for 
single cell bichromates, is only suitable for a double cell, in wliicb 
acid is used besides to dissolve the zinc. In order to utilize the 
salt completely, a nearly equal quantity of acid should be added, 
when the action becomes sluggish ; if added at first it causes too 
great local action, and this is always very great. 

In a double fluid cell, the best plan is to add of acid one- 
seventh of the bulk of saturated solution, and to use the sulphate 
of zinc solution with the zinc. The resulting chrome alum is 
generally thrown away, though it is a valuable salt in dyeing. It 
is a nuisance in the battery, as it crystallizes upon the carbons and 
in the cells ; if saved it must be left to evaporate spontaneously, as 
heating the solution spoils it. 

One thousand fluid grains of saturated solution at 62° Fahr. 
contain 2' 16 units of salt, and require 83 or 143 fluid grains of 
sulphuric acid, according to the plan adopted. The cost of working 
as a two liquid cell is ' 1 320 of a penny per unit. 

153. Nitric Acid with Bichromate of Potash has been highly- 
spoken of by some writers as giving a constant current and no 
fumes. It is quite true that the constancy of the current is much 
improved, but after a little time the fumes are given off; the 
reaction is simply the reoxidation by the bichromate of the reduced 
nitric acid. Still this plan is useful where a strong current is 
required for a given time, as for producing the electric light. The 
solution recommended is a saturated solution of bichromate in 
^nitric acid, with one-third volume of sulphuric acid added, and 
i\ '«t enough water to redissolve any chromic acid precipitated, 
ic '. Bichromate Single Cell. — This consists of two plates of 
6* idth one of zinc between them, fitted so that it can be 

grt ^-pf the liquid. Of late many of the shops have small 

^3 \)i(^l^s without this fitting, the intention being to let the 

I Tking to exhaustion ; it i^ therefore desirable to warn 

iron ' using such cells, which are most extravagant and 

owin^ Used for the purposes to which it is suited, the 

it is s ^^icis one of the most useful ; it furnishes a most 
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powerful ourrent for a vqt; short timo, it ie therefore admirablj 
adapted for short experiments with induction coils, as it gives a 
greater force than the nitric acid batteries, and has no onpleaeant 
fmaea, while it can be set aside for weeks and be ready for action 
at any instant. Bat for long-sustained action it is utterly useless, 
as its force &ils very &st. The simple action of raising and 
lowering the zinc, howeVer, instantly restoree it. The reason of 
this is that there is no (iircnlatiuQ in the liqnid, owing to no gas 
coming off, and the motion of the zinc stirs the liquid up. Thus 
by setting up the battery in a thin gloss vessel to which heat can 
be applied by a gas burner, 1 have maintained the current in full 
even flow until the whole liquid was exhausted. Many plans have 
been tried to remedy this defect, especially by French matcers, as 
Grenet's plan of forcing in a stream of air in small bubbles, so as 
to keep tiie liquid in active circulation ; others oanse the liquid 
iteelf to circulate through several cells. But the ordinary form 
will be most generally useful, as shown in Fig. 46. 

Fia.16. 




The containing vessel is usually a glass bottle enlarged into a 
globe below ; the object is merely to hold a lai^er quantity of liquid, 
and any form of vessel will answer. The essential part is the top 
which carries the plate ; this is beet made of ebonite, but hard 
baked wood saturated with parafGn will do ; in the centre of this is 
screwed a projecting brass tabe split at the top to grip the rod 
carrying the zinc which slides in it : the foot of this tube also 
passes through a plate of brass extending on one side of the cover 
to the negative binding screw. This eliding part is often troubl' 
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some, as the surfaces tarnish and make bad contact ; they slioxild 
be well gilt to avoid this, and some attach an open spiral of -wire 
to the lower part of the rod and to the tube, so as to make a fi^xed 
metallic circuit independent of the sliding one ; others attacli the 
binding screw to the top of the sliding rod. It is desirable to 
form a screw thread on the top of the tube, and fit to it a nut, by 
tightening which contact is improved, and the zinc firmly held up 
when not in action ; also a square tube and rod are better tlian 
round ones, as they keep the zinc always parallel with the carbons. 
The zinc is commonly fixed to the rod by means of a screw on the 
end, but it is far better to solder them together. I was once 
greatly troubled with an irregular battery, which would not keep to 
its work, though I pulled it to pieces and set everything right, as it 
appeared, and after great trouble traced the whole fault to tbis 
point; acid had found its way into the thread of the screw and 
entirely destroyed the connection. The carbons are secured to tbe 
cover by means of two angle pieces or brackets of brass or iron, as 
shown (a. Fig. 46), and these brackets are connected to the + 
binding screw. The connection is thus one of simple contact, and 
with a porous carbon it is common for acid to find its way up 
between the surfaces and destroy the contact. This may be 
entirely remedie d by th e plan described in § 143 ; and the upper 
part of the cjkpVf ***]^-'il'-% coppered the bracket may be soldered 
to it, ancl^'^'^but it iScaon ensured, and protected by a covering 
of para^ii*ally> «^^ ^ 

It • substances r^ estimate the cost of working this cell, because 
the jested by Dc in it is so great, and this being nearly constant 
y^hji present , ig immersed, or when frequently removed, its propor- 
tion ing int(>work actually done will be less as this is greater,- 
grea ti^s* Tit is when there is great resistance ; for the average of 
worl^ftl tp; is probable that the cost may be taken as * 2000, or half 
as mi ^6C again as given in § 152. 

A very convenient form of this cell is used as a battery and 
commutator combined, for such purposes as bells and other 
appliances requiring a momentary current ; the zinc and its rod is 
supported by a spring, spiral or otherwise, and is pressed into the 
liquid when the current is required ; on relieving the pressure the 

*" "^inc leaves the liquid, and cuts off the current. 

1000 x^j. Dklaubibb's Cell. — This is a modification of the bi- 
+ ^ '; its purpose is simply to obtain a somewhat stronger 

^at dra >. ^^ porous cell ; the larger cell itself, and plates, with 

the inter ei^^? construction, are mere matters of arrangement, and 
151. r '^^le to other solutions. All the remarks made as 

iron me '^ n^ cell apply equally to this ; its force is the same 

?wing f eq V'^ble, so also is its rapidly failing current The 

it is se ^ IS o* 



*«iJ6. 
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Gkdded Baits add nothmg to the work ; they only take oxygen from 
tlie bichromate and reserve it in a more soluble form. 

The solution consists of 300 parts water, 54 bichromate of potash, 
45 sulphate of irou, 50 sulphate of soda, and 94 by measure of 
sulphuric acid, added in the order given. 

The cost per unit is '1971 and 1000 grains contain about 
'Z • 7 units, instead of 2* 16 with the simple bichromate solution, so 
that the small advantage gained of the solution lasting a little 
longer is obtained by increasing the cost over one-third. 

For use in the single cell the proportions vary somewhat from 
the above, but the result is the same. 

156. Chromate of Calcium, Fitzgerald and Mollot's Cell. — 

This form, lately introduced, is likely to become an important 

electrical instrument. There is a particular construction adapted 

to high resistances, in which the carbon plate serves the double 

purpose of a diaphragm and the element, but the principal matter 

is the substitution of the chromate of calcium for the bichromate 

of potash ; lime being cheaper than potash, the salt can be sold at 

a cheaper rate and without fluctuation in price. Its constitution is 

CaCr04 = 156, but it also contains i atom of water, and allowing 

for 3 per cent, impurity its weight becomies 180 ; and as this gives 

3 equivalents of oxygen, the electric equivalent is 60 ; the price is 

taken at 7^., but it would probably be 6d ^\.^ _•^cr^llarly made for 

a considerable demand, as may arise 11 -Seguii; of tliib » *^® ^* 

probably will, as an oxidant upon a large compensates 1*^®' ^ 

replace the potash salt. v^^g ^^ ^^^ 

When mixed with the due proportion of sulpBi- ;'t of 

the calcium is thrown down as sulphate of lime, lea gpaii-. :« • ro- 
chromate of calcium in solution, which gives up the rt> ter vetf^**'^ 
as the action goes on ; this salt being more soluble ti j bi- 
chromate of potash the action of the cell is more prolo^xx^ and 
the solution has the great advantage of not crystallizing. . 

The electromotive force is the same as that of pure chromic acid, 
and the greatest of any known excitant, varying from 2 volts to 
2 *07, according to qualities of the carbon. 
The reaction is 

SZn + 2CaCr04 + 8H2SO4 = 
3ZnS04 + Cr2?S04 + 2CaS04. 

This represents 6 units of work, and therefore the cost is '1240 
of a penny per unit. 

One of the great features of this cell when used on the large 
scale is that the products have a value which would reduce this 
cost greatly, as the residuary solutions can be readily converted 
into yarious valuable chrome colours. 
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The cell itself is aminged to give a large negative surface by 
using a series of carbon plates mounted in a ring of lead, forming 
the cover of the cell, and surroimding the porous cell for the zinc 
in the middle ; it is of course available for use with other excitants, 
such as the bichromate of potash, or as a single acid cell if 
desired, as the enlarged surface considerably increases the action as 
compared with other forms, 

157. Iboh Pebohlobide. — This has been employed in batteries; 
its action consists in undergoing a reduction to ferrous chloride, 
and the object aimed at was the regeneration of this by absorbing 
oxygen from the air, so as to maintain an inexhaustible oxidant. It 
has the same drawback as the bichromate battery in rapid failure, 
and its force is also low : there are, however, cases in which sncli 
a combination might be useful, and it will form a single cell with 
iron as positive, and work to exhaustion if free acid enough is occa- 
sionally added and the excess of liquid removed. 

Peroxide of Iron might be employed for similar reasons, instead 
of and in the same way as the manganese peroxide § 158, but it 
gives only just half the force of the latter. 

158. Peroxide of Manganese Battery. — Various peroxides 
have been employed to surround the negative plate and furnish the 
oxygen. Peroxide of lead is the most powerful of all, and conse- 
quently a battery in which this is used gives a very high electro- 
motive force; but it is costly, and has never been used except 
experimentally, and the peroxide of manganese is the only one of 
these substances practically useful. Its employment was first 
suggested by De la Rive, many years ago, but the difficulties which 
soon present themselves to those who use it have prevented it 
coming into common use ; on the other hand, it has many good 
qualities, which have led recently to its quiet appropriation by 
several trading makers, and it has been patented under the name 
of " Leclanch^ " cell. For cases requiring a large current, as in 
plating, or for magnets or coils, it is absolutely useless ; for a small 
occasional current, on the other hand, as for ringing bells, house- 
hold signals, &c., it is one of the most useful forms ; though the 
statement made by sellers that the cell is calculated to work for 
" three years " is, of course, pure nonsense. Like every other form 
it can yield a current equivalent only to the quantity of material 
used in it, which will be exhausted in a greater or less time 
according to the work done. Its duration depends upon two 
things— the quantity of the excitant and the quantity of the 
manganese. 

The work any manganese cell can do will probably be to furnish 
one unit of current for each 150 grains of manganese put in it. 
The peroxide of manganese, otherwise binoxide, is on the atomic 
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notation, MnOs = 87 ; two of these atoms enter into the reaction 
producing Mn203 sesqnioxide of manganese, and one atom of 
oxygen ; and, as this oxygen is 16, while onr electric unit is 8, it 
follows that the atom of peroxide is also the unit, as 87 of it by 
weight yields this 8 of oxygen; but this is the pure substance, 
while the commercial manganese contains often a large percentage 
of impurity, so that 100 is about the unit : in addition to this, as 
no solution occurs, the action takes place only on the surface of 
the particles into which the material is divided, and hence a con- 
siderable portion may escape action ; it is therefore impossible to 
£x upon any quantity as the electric unit; it may range from 
1 00 to 200 grains or more. The peroxide is a good conductor ; the 
resulting sesquioxide is not a conductor (and the same is the case 
with the corresponding lead oxides), hence the action tends to 
diminish : and a main object must be to spread the material in as thin 
a film as possible over a large area of conducting surface. This is most 
readily accomplished by crushing carbon into various sizes, from a 
pea down, and packing the larger pieces tightly in a porous jar, in 
layers, so that the particles are in firm contact among themselyes, 
and with a plate or bar of carbon, which forms the main plate or 
conductor ; the finer grains should be mixed with three times their 
bulk of manganese also in fine grains and sifted in among the net- 
work of large pieces : the fine powder has to be sifted out, because 
it resists the penetration of the Hquid, The result of this arrange- 
ment is to expose a very large surface which compensates for tibe 
inherent slowness of the action itself, and reduces the internal 
resistance. 

A very small surface of zinc is sufficient, and it generally is one 

or two small cast rods or rolled strips suspended in the outer vessel. 

This is the usual arrangement, but it is far better to reverse it, 

and put the zinc inside the porous vessel, making the battery up 

exactly as described § 145, with the manganese added as above. 

159. The Excitant. — Either common salt or sal ammoniac is 
employed, though others will answer. It may at first sight seem 
difficult to say why sal ammoniac at 6d. per lb. should be used if 
common salt at 3 lb. per penny will answer ; but as a couple of 
ounces of the chloride of ammonium will charge a cell, such as the 
ordinary Ledanch^, and do the amount of work for which alone it 
is properly fitted for several months, the question of economy 
dwindles to a very small matter against the higher electromotive 
force the ammonium chloride gives over that furnished by the 
sodium chloride. The reason for this higher electromotive force 
is, that soda displaces ammonia from its salts, and, of course, in 
doing so loses force ; therefore, when they are decomposed the 
sodium salt has less to yield. In the one case, caustic soda if 
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generated within the porous cell ; in the other, ammonia is set free 
and given off^ while the soda remaining exerts a counter electro- 
motive force. The force is greatly increased by occasionally adding 
a little acid to the manganese cell to neutralize the alkali. 
I haye found the electromotive force at first starting to be with 

Sal ammoniac i'543 volts. 

Sulphate of ammonia ^'493 » 

Common salt 1*285 ,, 

Ammonium chloride forms double salts with zinc chloride, and 
also with hydrated zinc oxide, and the latter compound appears in 
the form of crystals upon the zinc and porous cells. The crystals 
have the formula ZnO, HjO, NH^Cl. As they obstruct the action 
they should be removed with warm water containing a little acid, 
but they do not form so readily if a half saturated solution is used. 

The cost of the manganese cell is probably * 25 of a penny per 
unit for materials, but this is the least consideration because the 
trouble of charging is the real cost. 

As various modifications of the manganese cell are claimed by 
various patentees, it may be as well to distinguish them. 

The LedanchS. — Manganese with carbon in a porous cell clofied 
with pitch. Sal ammoniac the excitant. 

QreneCs Cell. — The same with a bag substituted for the porous 
pot, and common salt as the excitant. 

Hightan's Cell. — The same with various acids added occasionallj 
to the manganese to absorb the ammonia. 

There are also slight modifications of form, which are however 
merely matters of construction and first cost 

160. Sulphate of Lead Battbby. — In this we leave the prin- 
ciple of supplying oxygen at the negative plate, but we have an 
insoluble matter there. It has several forms. Originally the 
porous cell was filled up with the sulphate surrounding a metallic 
or carbon plate or rod; a patented modification consists of a stout 
copper wire, to which are fixed several saucers, also of copper, 
tinned, for holding the metallic salt and preventing its solidifpig 
in the porous cell, so that it may readily be replaced. This is, no 
doubt, a great improvement, though it is very doubtful whether the 
sulphate of lead battery is worth improving, as its electromotiTe 
force is low and its cost considerable, being '1738 of a penny 
per unit 

As the cell has the merit of very fair constancy, and yields a 
large current for some time, it might be useful for some purposes 
if the residuary lead generated were used for its metal. It would 
work better with sulphate of zinc than with salt, becanse salt 
dissolves the sulphate and carries lead to the zinc ; it also under- 
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goes a cnrions reaction by which Bodium, set free nascent, appears 
to react upon a part of the sulphate and generate a sulphide. 

i6i. The Sulphate of Meboubt Cell. — This, which is called 
from its inventor, the Marie Davy Oell, is of use only in circum- 
Btanoes requiring a small intermittent current of great force ; thus, 
as it gives no trouble, requires no care, and gives off no unpleasant 
fames, it is very useful for domestic telegraphs, &c., but it is quite 
useless for employments requiring large quantity. Originally, it 
consisted of a porous cell, with a rod of carbon packed with the 
mercury salt ; tiien the porous cell was abandoned, and a peculiar 
arrangement employed, in which the carbon was at the bottom of 
the vessel ; but now it is usually a simple zinc and carbon pair, 
the latter of which extends to the bottom of the vessel and dips 
into a mass of the sulphate. The vessel is then charged with 
water, which dissolves a small portion of the salt slowly, and this 
sustains the action, the acid radical acting on the zinc, the mercury 
depositing on the carbon, from which it falls and collects as metid 
at the bottom. The action can, therefore, only be sustained at the 
slow rate at which the salt enters into solution. 

There are two sulphates of mercury. The proper one is what 
used to be called the bisulphate, now the mercuric sulphate HgSO^, 
with the atomic weight 296. It is obtained by heating in an evapo- 
rating dish two parts by weight of mercury with five to six of the 
strongest sulphuric acid until only a dry white powder is left. 
The cost of working is, allowing for the reduced mercury at 5«, 
per lb., '5337 of a penny per unit, which is very high ; but for the 
special purposes for which alone the cell is useful this is of little 
consequence, being compensiated by the steadiness and convenience 
of the cell, which, unlike the manganese cell, is easily replenished. 

162. Clabk's Mebguby Cell. — This is proposed by Mr. Latimer 
Clark, not as a working cell, but as a standard of electromotive 
force, to compare with other cells by means of condensers or elec- 
troscopes, it having a constant electromotive force of i '457 volts. 
It consists of a layer of pure mercury as the negative plate, con- 
nected by means of a platinum wire in a glass tube. On this is 
laid a paste of mercurous sulphate, which has been boiled in a 
thoroughly saturated solution of zinc sulphate ; the positive element 
is a plate of pure zinc resting on the paste. According to this, 
which is Mr. Clark's own description, the sulphate used in his 
cell is not the same as that employed in that last described, but 
the two are so commonly confased, owing to the changes in the 
atomic weights, &c., made of late years, tb^t I cannot say that this 
is really the case. 

163, Chloridb of Silver Cell. — This is a wire or plate of 
silver, upon which chloride of silver has been melted as a coating 

^ I 2 • 
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of *^lioni silver ;** it is used in a solution of zinc chloride, and is 
employed mainly to work small pocket coils for medical purposes. 

But the chloride may be nsed as a powder, in the same way as 
the sulphate of mercury in the Marie Davy, or 'it may be mixed 
with powdered graphite, and used in a porous cell with a plate of 
carbon. As chloride of silver is produced on the large scale in re- 
fining and other metallurgical operations, and has to be reduced 
for the sake of its metal, it would appear that where it can be 
obtained at a trifle less than the value of the silver it contains, a 
very economical and powerful battery might be thus produced. 

1 64. There are many other forms of the galvanic cell ; many 
useless; most mere modifications or forms of those described. 
Others have great scientific interest, but do not come within the 
objects of the present work. Such is Grove's gas cell, in which 
oxygen and hydrogen are in contact with platinum plates dipping 
in an acid solution which separates the gases, and act the part of 
the metals while recombining as water ; this is, in fact, the Yol;ta- 
meter reversed, and a voltameter with separate receptacles whose 
plates project above the liquid, will, when the decomposing cur- 
rent is cut off, act in turn as an electromotor and give up, in the 
form of a galvanic current, the energy employed in setting the gases 
free. There are very many forms of this principle, such as those 
which act by absorbing oxygen from the air ; of these, one of the 
mcst interesting is that proposed by Messrs. Gladstone and Tribe, 
who have made so much use of the electrolytic action upon sub- 
stances of a copper zinc couple, formed by zinc on which pulveru- 
lent copper is precipitated from the sulphate. When silver and 
copper are connected in a solution of copper nitrate well aerated, 
the copper dissolves and cupreous oxide is deposited on the silver ; 
a simil^ action occurs in a solution of zinc chloride with zinc and 
copper. The negative metal is arranged as a tray near the surface, 
perforated in many places and containing also crumpled masses of 
the metal in foil rising above the liquid to facilitate absorption of 
oxygen. In fact, every chemical reaction which takes place among 
substances which conduct electricity can be made to serve as an 
electromotor. For instance, if caustic soda or carbonate of soda 
is placed in a cell separated by a porous diaphragm from another 
containing an acid, they unite through the pores ; and if a plate of 
platinum or of carbon be inserted in each cell, the combination 
forms a galvanic generator having a force equivalent to the chemical 
affinities acting, § 2J0. This completely disposes of the theory 
lately revived, that tne electromotive force is set up by the contact 
of different metals, § 259, for there is no such contact present ; but 
the fact is that the chemical affinity alone supplies and measures 
exactly the electromotive force. This is also shown by the fact, 
that in a copper and iron pair, iron is the positive metal in acids 



OALYANIC BATTERIES. 117 

because it dissolves ; but in sulphide of potassium, which dissolves 
copper, the copper is the positive metaJ. A similar reaction has 
been lately used by Mr. Fleming to illustrate this. Cells con- 
taining nitric acid are arranged alternately with cells containing 
sodium pentasulphide, and the cells are connected alternately with 
bent strips of lead and copper ; in the acid lead is positive to 
copper, and in the sulphide it is negative; so that a battery is 
composed, in which there is no contact of metals, and the terminal 
cells contain the same metal, which, being copper, gives also no 
contact of dissimilar metals when the copper conductors from a 
galvanometer are connected. The combination is said to have 
one-fourth the force of a similar number of Daniell cells. It is 
not available for practical purposes, but has much theoretical and 
scientific interest. 

A plate of zinc and one of copper, or a bag of coke buried a 
little apart in moist earth, has been used under the name of an 
earth battery, for driving clocks. This is its only use, and as it 
has a low force and high resistance, all that can be said in its 
favour is that, once mounted, it is out of the way and requires no 
attention ; but any ordinary small cell will do as much work. 

165. AjiBANGEMENT OF BATTERIES. — The laws which govern the 
mode of arrangement of a number of cells, in order to effect most 
work, will be foimd, §§ 244-6. 

In joining cells, care should be taken not to waste energy in the 
connections ; all points of contact should be as large as possible, 
and be kept perfectly clean. This is often neglected in mounting 
batteries, particularly in Grove's cells, where the platinum is bent 
over and screwed to the next zinc; in all such cases the metal 
should . be fixed to a thick plate of brass, so as to screw firmly to 
the zinc. 

The connecting wires should be of good size ; and, in order £b 
give some elasticity, should be wound in a spiral upon a small rod. 
Care should be taken that the troughs, boards, &c., are quite 
dry, and that there has been no leakage or creeping of liquids 
from the cells, which causes short circuits and great loss of power. 
To avoid this, the jars should not stand directly upon a board ; 
but a good plan is, to place two strips of varnished glass edgeways 
along the troughs or stands, for the cells to be placed on. There 
is a convenient apparatus made for this purpose in America, for 
use in telegraph offices ; it is a flat saucer wiUi' ribs upon its inner 
surface, and a funnel opening from its middle. A series of these 
can be arranged in holes upon a shelf or board, with arrangements 
below to catch any drip ; the cells stand upon the ribs, and are 
consequently very completely insulated. The following figures by 
Mr. Nigner, r.R.A.S.,' show the effects of care, and exhibit also the 
power of the electric light. 
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Each line represents the light in candles given by 60 cells, under 
the different conditions, the size of the platinums being 5x2^ inches : 

As commonly arranged i860 

With zincs carefully filed, &c 2930 

Insulated on glass rods, &c 5360 

1 66. Work and Constancy of Cells. — Table IV. gives a series 
of experiments on cells, all in like conditions ; with plates 2 x i 
inches, set i inch apart, and with no external resistance, except that 
of a tangent galvanometer. The first column refers to the § in 
which the battery is described. The currents are given in chemics, 
and therefore are proportional. In the cells with porous division, 
it will be seen the current rises at first as the liquids soak in ; in 
these cells, also, the current is reduced by the resistance of this 
division as compared with the single liquid cells. 

Table IV.— Work and Constancy or Cells. 



Sec. 



117 
118 
119 
121 
129 

141 



Copper zino 

Iron „ 

Lead ,, 

Platinized silver .. 

Danieirs 

Bunsen's 

Slater's 

Bichromate 

„ Single cell . . 



MInutee. 



I. 



6. 



Hoare. 



17* 



5*3 

2*9 

4-9 

7 
6-8 

12' 

7-8 
7*3 

12* 



4-2 

2* 

0-5 

13-7 

6-9 

• • 

7*3 

7-8 

io'6 



15. 


30 


1. 


3-8 


3'5 


3*2 


1-7 


• • 


• • 


II' 


• • 

9* 


• • 

7-3 


7'2 


• • 


7*1 


• • 


13- 


13*1 ^ 


7* 


6-8 


5-9 


7'3 


7* 


4* 


9-4 


8-4 


3-8 ' 



y 



6-4 

r 

12* 

4*3 
2T 

I'l 



1 67. Table V. contains a list of the principal substances used in 
electrical operations, arranged to accord with the unit of " quantity" 
and of "current" used in this work, and explained § no, p. 85, 
showing the amount of each required to act with the unit of electric 
quantity and current. The weight (Col. IV.) allows for the ordinaiy 
impurities always present in commercial articles, and applies to 
good commercial materials not intentionally adulterated. The 
price (Col. YI.) is such as the substances can be obtained at in 
the ordinary way (with the exception of the silver salts), and where 
a different price is paid the user can readily apply a correction to 
the unit cost (Col. YII.) in any calculations. 

Under the French system such a table would be &r more nsefiLl 
than our wretched confusion of weights and measures allows it to 
be, as the figures obtained for the small units would apply equally 
to the largest amounts used in practice, while in the English system 
one calculation is needed to convert grains into pounds, and then 
another to ascertain the cost of these larger quantities. 
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Table Y. — ^Substanoes Used in Electbio WoBxiNa. 



L 

Name. 



2. 



nitrio 

„ liquid .. 
solpbtiric . . 
n n liquid 

4. Ammonia 

„ liquid 

5. Ammonium chloride 

6. ,1 sulphate 

7. Calcium cbromate . 

8. Copper 

9« ,} sulphate 

10. Iron 

11. „ sulphate .. 
13. Lead sulphate .. 

13. Manganese, peroxide 

14. Mercury 

15. Mercuric sulphate . 

16. Potassium cyanide . 

17- n bichromate 
18. Silver 

19' i, chloride .. 
^°' 19 cyanide .. 
^i> „ nitrate .. 

22. Sodium, chloride 

23. „ nitrate.. 

24. Zinc 

^5- n amalgamated 
26' „ sulphate .. 
27. ^ and H5SO4 cell 



I. Acid hydrochloric .. 
., „ liquid 

n 



ilf 



1> 



{nig 

is 



1 1 












36-5 

63 

• • 

98 

• • 
« • 

53-5 
132 

349 
63-5 

249-5 

56 
278 

303 

87 
200 

296 

65 
295 

108 

143-5 
134 

170 

585 
85 
65 

• • 

287 



I 
I 

3 



I 
3 
2 
3 
2 
2 
3 
2 

• • 

2 
2 
I 

2 



2 



grains. 
"3 

85 
96 

69 

50 
38 

48 

55 

56 

70 
60 

33 

126 

30 

145' 

159 
100 

100 

150 

100 

50 
108 

144 

134 

173 

60 

87 
34 

• • 

148 
365 



61 

73 
140 

148 

125 
100 

116 

212 

55 

232 

48 

44 

70 
70 

46 

70 

140 

64 
48 
52 
40 

116 
80 

301 

• • 

47 



o 3 

o 8 

o ij 

o 9 



o 
o 
o 
I 
o 
o 
o 
o 
o 

4 

4 

3 
o 10 

135 6 
80 
80 
60 

o 

o 

o 

o 

o 



6 

3 

7 
o 

5 

2 

3 
6 

4 
o 

o 

o 



o 
o 
o 

oi 

3 

4 
6 

3 



d. 
•0326 

•1096 

•0107 

•0608 

•0480 
•0300 
"0604 
•0566 
•0900 
•0086 

•0414 
•1363 
•0573 

•6857 
1-0285 

•5144 

•0715 
16*4063 

20* 0000 
18*5000 

I7'69i4 
•0043 

'0249 
•0195 
'0292 
•0634 
•0438 



1. Htdsochloric Acid.— Variable In strength; good quality is of sp. gr. x'z6. and contains 
aDout 32 per cent HCl. 

2. KiTBic Acid.— This varies greailjr through the various qualities sold as nitric acid, aqua- 
wte-double and single, dipping acid, kc The highest strength has a sp. gr. x's; ordinary 
good commercial is about i' 390 to i'42o, and contains from 65 to 75 per oenL HNO.. I have 
««n tbe acid at i '400, and as equal to 70 per cent See $ iaS. 

3- SuLPHUBio Acid.— This means concentrated oil of vitriol, sp. gr. i'84s. which is obtainable 
nearly pure. 

4. Ammonia, sp. gr. '880, eontalns 36 per cent. NH,. 

16. P0TA88IDM CrANiDB.— This is tbe white, which varies in qnaUty from about 50 per cent. 
w» 75. the highest which can be made, as the process involves the production of a proportion of 
cyanate. The quality is taken as 65 per cent. 

18 to aa— The Silvkb Salts are calculated as if made, allowing for labour, the silver being 
»^ at 6s. per ounce troy. The cyanide is supposed to be simply precipitated and washed, not 
dned, and reckoned at 50. per ounce. The chloride has an extra charge on it to pay for separation 
and fosioD for use in batteries, and is therefore at the same price as the cyanide. The chloride 
OQght to be obtainable 3d. per unit cheaper. In fact at its worth in silver, — that is, at 68«. per lb. 
~-aB it is a product in silver working, and has to be reduced for the sake of its metal. I^itrate 
of rilver may be bought at 34. gd. per ounce, the price in the table. The qranide should never 
be porcbased, as it ought not to be dried. 
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1 68. GoBT OF Battkbt Wobkino. — The value and mode of using 
the table of costs will be seen from the use made of it in the 
estimate of cost of working of the cells, §133. These costs, 
however, are those of one unit of chemical quantity which is the 
equivalent of one chemic current kept up for ten hours. To 
ascertain the actual and relative costs in a form which permits 
comparison, we must include the consideration of the force pro- 
duced and required to overcome the resistance ; for supposing one 
nitric acid cell is required to do the work at a certain rate, it 
would require three Smee's to effect the same. The true mode of 
estimating the relative cost of different forms of cell is to reckon 
it, not per unit of current, but per equivolt of energy, which unites 
the two elements, § 257. This is obtained simply by dividing the 
cost per unit by the electromotive force (§ 264), and shows the 
relative cost for equal work done; even this does not take into 
consideration the element of internal resistance, which is largely 
dependent upon the relative size of the cells. Another considera- 
tion which cannot be reckoned is the relative convenience of 
management, such as is afforded by the single liquid cells by 
dispensing with porous vessels. Table YI. shows the relative costs 
thus calcvdated in both systems. 

Table VI. — Cost op Battery Workinq. 



Section. 



117 
121 

125 
139 
140 

151 

154 
156 

158 
160 
161 
163 



Copper zlno 

Smee 

„ odds and ends . . 

Daiiiell's 

Nitric acid 

Slater's iron 

Bichromate 

„ single cell.. 

Lime chromate 

Manganese 

' Lead sulphate 

Marie Davy 

Silver chloride ' 

„ or §157.. .. 



Coet per Unit, 


E.M. F. 


penny. 


Volts. 


0*0438 


0*28 


0*0438 


0*50 


0*0284 


0*50 


0*0584 


I -08 


0*1570 


1-6 


0*1086 


I'l 


0*1320 


2*03 


0*2000 


• • 


0*1240 


2* 


0*2494 


1*5 


0*1738 


•57 


o'5337 


1-52 


0*200 


1*2 


3*623 


• • 



Cost per 
Equivolt. 



0*1564 
0*0876 
0*0568 
0*0541 
0*0981 
0*0987 
0*0651 
0*0985 
0*0620 
0*1663 
0*3049 
0*3502 
o*oi68 
3*0318 



169. The question is frequently asked what is the best battery? 
The foregoing description will show that no such thing exists, but 
that each form has its special qualities fitting it for particular 
operations. The following classification will assist in the selec- 
tion. 
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Table VII. — Sxtitability of Cells. 

I. Names of Batteries. 
I. Smee. i 7. Lime chromate. 



2. Daniell. | 8. Manganese. 

3. Nitric acid. 9. Lead sulphate. 

4. Slater's iron. , 10. Mercury sulphate. 

5. Bichromate. , 11. Silver chloride. 

6. yy single cell. ! 12. Magneto-electric machines. 

2. Uses Cells are suited for. — Large Currents. — 

Continuous. 

Electro deposition 2,1,7,3,5 

Gilding 2, i 

Silvering 2, i, 7, 3,4 

Electromagnets 7,3,4,1,2 

Electric light 3» 7j 4 

Temporary. 

Induction coils ^> 7> 5> 3 

Medical coils 6, i, 7, 5 

„ „ pocket II, 10, 8 

Small Currents and High Resistance. 

Large telegraphs 2, 7, 8, 10, 12 

OccasUmai. 

Domestic bells and telegraphs .. 8, 10, 9, i 

Exploding fuzes 12, S 

Testing resistances, &c 7' 5) ^ 
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CHAPTEE V. 

MXASUBSMENT. 

170. MsASUiiEMENT BY Maonetibm. — It has been already re- 
marked tliat there are three modes of ascertaining the strength of a 
galvanic current, viz. by its magnetic, its chemical, and its heating 
powers ; of these the first is the most convenient, because it inter- 
feres very little with the actual passage or work of the current, 
and is open to inspection at any instant, and thus gives full informa- 
tion as to any fluctuations which may occur. Instruments for this 
purpose are called galvanometers. They are based on the principle 
that a magnetic needle tends to place itself at right angles with a 
galvanic current. The reason of this is to be found in § 80. If 
cnefT a magnetic needle at rest, and in the same direction, we place 
a wire, and through it pass a current entering at the southern end, 
the needle turns with the N. end to the left, or westerly ; if the 
wire be heUm^ the needle turns to the right. If the direction of 
the current is reversed, that is, if it enters at the N. end, the 
actions are reversed. 

If the wire makes a turn round the length of the needle, it is 
evident all these conditions come into play at once, for the current 
entering at S. and passing dbone the needle, when the wire turns 
to the lower side, the current passes firom the N., hence both the 
actions are the same and the needle is deflected to the left with 
double force ; each turn has a similar action, varying, however, in 
its amount with its distance from and position as regards the needle. 
Hence the reaction of such a galvanometer is very complicated and 
can only be thoroughly traced out by elaborate ccJculations of little 
interest, except to pure mathematicians. 

The practical result is, however, that no deflnite value can be 
given to the deflections of an ordinary galvanometer by any means 
except direct measurement. People are apt to think only of the 
degrees of the deflection, and suppose a deflection of 60^ to be 
double that of 30°, which is entirely erroneous. There are only 
two forms of galvanometer whose readings can be at once valued, as 
they are related in one to the tangent, and in the other to the sine 
of the angles of deflection, but even this is only relative, and one 
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galvanometer can only be oompared with another by an actual 
measttrement. 

The galvanometer described § 1 80 was devised In order to take 
adTantt^e of all the relations of onrrentB and magnets and to 
espresa all the desired information in definite and comprehensible 

171. Galtanohbteb Nebdi.es. — These are frequently made too 
heavy ; the heavier they are the greater is their " moment of iner- 
tia," and the force reqnired to move them, and the longer they are 
in coming to rest. The best material is watch or clock spring 
Eoi^ned, in order to shape and arrange it, then hardened by heating 
to red heat and plunging in water. 

Long needles have most directive force and give more decided 
indications, hut take longer in coming to rest ; they are therefore 
beet adapted to vertical galvanometers. Short needles are less 
affected by external magnetic disturbances and come qoicher to 
rest. 

MagnetvAng may be effected by placing or nibbing on the poles 
of a permanent magnet. Fig. 47 is xa apparatus which will bo 
found very convenient. 




It is simply a coil 3 in. long, of silk covered wire, No. 20, wound 
(ID an oval cardboard core, and the nombere of layers increasing to 
the middle ; it is divided into two, and fitted with tubes on each 
part to slide over brass rods, and the wire is joined in the middle 
by a flexible metal cord to allow the two parts to slide apart ; this 
allows double or astatic needles to be magnetized, by slipping each 
in turn into the coil, and passing a current from a bichromate or 
other powerfdl cell ; a few seconds are sufficient, and with this 
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apparatus it is no trouble* to magnetize needles at any moment. 
Having ascertained which end of the wire gives N poLuritj to 
that end of the needle, it should be marked as shown, and always 
so connected ; there will then be no confusion as to the direction 
in which the needles are being magnetized, and this is important, 
as the south end requires to be the heaviest before it is magnetized 
in order to balance afterwards. 

SuBpenMum.—YoT delicate instruments, the only satisfactory sub- 
pension is by a silk fibre, or such a thread of silk as may be drawn 
from a ribbon ; hairs are sometimes used, but they offer a strong 
resistance to motion. The fibre should be attached at its upper 
end to a sliding rod (in good instruments a compound screw is 
used) which lifts without twisting the fibre. For ordinary instru- 
mento with a single needle, an agate centre fixed above the needle 
is used. Double needles may be suspended in a similar manner ; 
the agate centre is first fixed in a thin brass tube by turning the edges 
lightly over it, the upper needle is then attached to it, if double by 
placing one part on each side, if single either by a hole opened in 
the middle or by doubling over the top and bringing down on each 
side so as to grip the tube firmly, and then touching lightly with 
solder, or an indicator may be similarly fixed. The lower needle 
is made of two pieces of watch spring, one fixed on each side of & 
very thin light tube^ the sides of which are filed away to receive it, 
the ends of the needles are then to be drawn together and soldered 
or riveted. The tube should be under \ inch in bore and fit firmly 
upon or in the upper tube carrying the agate, and when the two 
needles are exactly adjusted a touch of solder will fix the tubes 
together, or, if preferred, the junction may be made by screwing. 
To adjust the needles, a suspension point is placed upon a movable 
board having a line marked upon it ; one needle being magnetized 
the line on the board can be placed true N. or S., and the other 
needle or indicator being added, the tubes are moved slightly till 
the united system is correct. 

The Swings of the Needle correspond to those of a pendulum, 
§ 98, and for the same needle always occupy the same time ; this 
gives a means of adjusting* astatic needles to the desired delicacy 
and also of controlling the movements, for which see § 216. The 
number of vibrations of a needle may be diminished or arrested by 
damping in various ways. 

(i) A plate of copper close to the needle, either as the dial plate 
or as the internal frame of the coils, checks the swings by the 
induced electric currents set up in the copper. 

(2) A vane of paper or mica may be attached either to the 
needle or indicator. 

(3) A similar vane may be attached to the bottom of the wire 
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which connects the needle to its fibre, to work in a chamber under 
the coils ; sometimes this chamber contains mercury or some 
liquid, such as glycerine and water, the effect of which is to cause 
the needle to move slowly up to its point of rest without swinging; 
or the chamber within the coils may be so used. 

Indicators may be made of a thin, hard drawn wire, almninum 
being best, or of a thread of black glass, which may be drawn out 
over a Bansen's burner or spirit lamp, by heating a small rod or 
tube (such as a bugle) to fusion, and drawing the two ends rapidly 
but steadily away. A more correct indicator, having no weight, 
is obtained by attaching to the suspending wire a mirror made of a 
circle of microscope glass silvered, upon which a ray of light is 
allowed to fall from a shaded lamp placed upon the continuation of 
the zero line of the instrument. The mirror is attached to the 
wire, or in Thomson's reflecting galvanometer, to one of the 
needles, by shellac varnish, or by a cement such as coaguline. 

172. Astatic Needles are a pair of needles fixed upon a wire 
or a tube, as above described, with their poles in opposite direc- 
tions, so as nearly to neutralize each other ; if perfectly adjusted 
they would have no tendency to assume any position whatever ; 
when very closely adjusted they do place themselves magnetic 
E. and W., but this is owing to the practical impossibility of 
fixing the needles in exactly the same vertical and parallel hori- 
zontal planes. In practice it is necessary to make one of the 
needles so much more powerful than the other as to bring the 
system to rest upon the zero line ; the upper needle if made longer 
does this by its greater " moment." 

173. Maonetic Intensity. — The actual strength of the needle's 

magnetism has no effect upon the deflection except indirectly by 

the relative effect of the resistances of the support; two exactly 

similar needles will be alike deflected, though one be strongly and 

the other weakly magnetized. The reason is that the needle is 

a&cted by two forces, the effort of the current and the earth's 

magnetic field, and these are equally reacted on by the needle itself. 

This applies only to single horizontal needles. A compound pair 

will deflect differently when strongly and weakly magnetized. A 

needle vertically suspended, and whose resistance to motion is 

caiised by the excess of weight in the lower part, will also deflect 

farther if strong than if weak. Different needles, if different in 

length, will also be differently deflected by the same instrument 

and current. 

174. Stand fob Galvanometers. — There is often some trouble 
in arranging instruments so that the needle stands directly upon 
the N. or S. or zero line, and many good galvanometers are made 
movable on an axis for this purpose. A revolving stand is, however, 
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a great oonvenienoe for a variety of purposes. The base should hi 
of wellHseasoned wood, and fitted with three levelling screws, ani 
with a truly vertical axis rising from its centre. Upon this revolyes' 
a somewhat smaller disc, which may advantageously be carried \sd 
small wheels between the two boe^ds. At opposite ends of ond 
diameter there should be set screws to hold ilie disc steady whenj 
adjusted. The connections may be made to the instruments direct, 
but it is an advantage not to have these connections moved about, 
and therefore to mi&e them to the stand itself. The binding 
screws for this purpose should be on the edge of the lower disc, 
and connected by stout wires to well-gilt springs, one on each side 
of the axis, working in recesses cut in the wood. The lower side 
of the upper disc should have upon it a round block of ebonite, 
carrying on its surface two gilt or platinum rings insulated from 
each other (upon which the lower springs are to press), and these 
are to be connected by wires let into the ebonite with two binding 
screws on the upper disc, or two flexible wires, by which connection 
is made to the instruments placed upon the stand, which may then 
be moved as necessary, without interference with any connecting 
wires. By marking the edge of one of the discs in degrees of a 
circle and attaching a pointer or vernier to the other, this stand 
converts any form of galvanometer into a sine galvanometer. 

§ 177- 

175. The Takgemt Galvanometkb is the simplest of the 

ordinary forms which give results capable of real measurement 
Its mathematical^ explanation is given in most text-books ; here it 
is sufficient to state the principle. It is that if a magnetic needle 
is placed at the centre of a circular electric current, to whose 
diameter it bears a very small ratio, the tangents of the angles of 
its deflections will be exactly proportional to the quantity of elec- 
tricity circulating. The larger the circle and the shorter the 
needle, the more absolutely true this is ; however, a needle i inch 
long in a circle of i foot diameter is correct for all ordinary 
purposes. In some instruments a wire is wound spirally upon a 
cone, the apex of which is the point of movement of the needle ; 
sometimes a coil is placed on each side of the needle, with power 
of altering the distance. 

The instrument may be solidly built on its stand, but it is far 
better (as indeed it is with all galvanometers, u^ess the stand 
§ 174 is used) to make its working parts movable around a fixed 
centre which carries the needle, as this permits of exact adjustment 
in the true magnetic N. and S. line ; such an instrument is shown 
Fig. 48. A brass rod or strong tube is fitted with three branching 
feet, each having a screw at its extremity for levelling ; over this 
slides a brass tube, tight enough to be steady, but able to move 



reely, and pnmded with a collar and set screw to bold it when 
jjusted ; on this tabe the instrument itself is fnuned. 




First item is fixed to it st right angles a table of wood or brasB, 
i little lower and proportionately shorter than the diameter of tba 
intended ring. The ^lape of this is of no great moment, so that it 
is large enoagh in the middle to carry Ae graduated card and 
tOTer, bnt it will be steadier if it tapers away &om this to the ring. 
The ring may consist of a single band or rod of copper &>i powerful 
CQirents, or a flat band or stout wire may make several tnms. The 
best plan ig to make aeveral circuits continuing in finer wiree, with 
t>i«tche8 led out so aa to give i, lo, loO times the influence on tb 
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needle ; in tHs case the single tnm must be in the middle of the 
wires to ensure perfect accuracy. For instance, upon a pasteboard 
ring wind forty-five turns of No. 20 wire, continue with four of 
No. 16, then a single turn of copper plate ; next ^Ye turns of 16 
and forty-five of 20. These must be so connected that the current 
enters at the one turn of plate, and continues, always in the same 
direction, through the nine turns of 16, making ten, and then 
through the ninety of No. 20, making one hundi^ ; from each a 
wire is led to a commutator, which in the figure would be upon the 
lower table of the instrument, and constructed similarly to that 
shown Fig. 49, § 1 79. The leading wires of the single turn mnst 
be carefully arranged to secure their representing a true circle, 
neither more nor lesa 

From the middle of the fixed central tube rises the point on 
which the needle is to be placed just in the centre of the ring. The 
needle itself should be i inch long, but provided with a very light 
wire or sheet metal indicator, which will lengthen it to 3 inches. 
For this purpose the best thing to use is aluminum, because it is 
the lightest metal, and is very stiff, and may be obtained in sheets 
of extreme thinness and rigidity. Such indicators, if made of sheet 
metal, should be slightly curved lengthwise and also across so as to 
be slightly hollow, this gives great rigidity to the lightest metal. 
Of course greater sensitiveness is obtained by suspending the 
needle by a fibre from the top of the ring through a hole in the 
middle of the glass cover ; a mirror may also be used, placed in 
this case in the same direction as the needle ; the indLcator also 
may be placed at right angles so as to be more easily read, and 
this has an advantage when the fibre suspension is used, as it gives 
four points by which the centrality of the needle is secured, and 
this is of course essential to accuracy; the eye must look along the 
indicator when reading the deflection. 

176. Valuing the Deflections. — Any two or more deflections 
produced on the same instrument will have their relative values 
known by the law of the instrument, as they are related in the 
ratio of the tangents of the angles of deflection, but this does not 
enable the reading of different instruments to be compared. This 
requires the actual defijiite value to be known in some unit. 
This can be effected easily by means of the *' chemic " unit of 
current : set up the instrument very carefully in circuit with a 
large-sized Darnell's cell with plates which can be weighed, or else 
with a coppering cell in addition ; as even a Daniell varies some- 
what, a variable resistance is also ^ desirable, so that an exact 
uniform deflection can be kept up for an exact measured time. Let 
the experin^ent continue for ten hours or else correct the weight of 
copper deposited to that period, and divide this weight by 31 '75 
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grams, the equivalent of copper; the restQtmg figure is the valne 
of the observed deflection in '' chemics." From this is calculated 
the deflection corresponding to one chemic, and then by the law 
of the tangents a table can be drawn up of the valne of each degree, 
or of the degrees corresponding to^each chemic ; or, better still, a 
dial can be graduated to read off chemics direct. This is effected 
by fixing the dial upon a long table or board and drawing a line at 
right angles to the zero line as long as possible. From the centre 
of the dial, through the exact angle representing one chemic, a 
point is marked on the tangent line ; this line is now divided into 
equal spaces (and subdivisions if required),' corresponding to the 
distance of this, the one chemic point, from the zero line of the 
dial ; lines from the centre to these various points upon the tangent 
line will mark upon the circle the points of deflection representing! 
the values in chemics on the tangent line, as the needle when on 
these deflections is really pointing to the marks on the temporary 
line of tangents. 

In like manner the tangent galvanometer may be graduated to 
indicate resistances when a given battery is in circuit, or the 
electromotive force when there is a fixed resistance ; but while I 
eiplain this process for the benefit of readers, it is necessary to 
remark that no one is at liberty to make for sale galvanometers 
whose dials are thus graduated to indicate the values of the current 
and resistances* in definite units, in place of mere degrees of arc, as 
this construction is patented. Instruments made upon much 
simpler plans than the tangent galvanometer when once thus 
graduated, as described § i8o, entirely replace the tangent and 
sine galvanometers. 

If preferred, the valuation may be made in vebers instead of 
chemics, as the Yeber current represents 5 * 68 chemics. The Yeber 
current being based on the absolute system, § 199, may be ascer- 
tained mathematically upon a tangent galvanometer, because it 
depends on the length of current acting, distance from needle, and 
the action of the earth and current on the magnet. Ca^ing the 
horizontal intensity of the earth 1*764, r the radius of the coil, 
^ its diameter, L the length of wire in the coil (all, of course, in 
metres), n the niunber of turns, and C the current strength, then 
in absolute units the current producing any deflection 6 is 

C= 1-764 ~ tang. ^°. 

or 

C = 0-5615 -tang. ^°. 
Owing to the great increase in the value of deflections, the 

K 
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readings are not very reliable over 50°, as even a hair's breadth 
error in reading tells ; thns at 50° a single degree is equivalent to 
throe times as much as at 10°, to four times at 60°, ten times at 
70°, and forty times at 80°. 

177. Thh Sine Galvanometer. — When a magnetic needle is 
removed from its normal position, the earth's magnetism exerts a 
force tending to replace it, proportional to the sine of the angle 
of deflection. The deflecting force of a galvanic current is at its 
greatest when the current is parallel to the needle ; hence if the 
current is made movable, so as to follow the needle till it can 
deflect it no further, these two forces balance each other, and it is 
therefore evident that the force of the current is proportional to 
the sine of the angle the needle then makes with the magnetic 
meridian. The action of galvanometers based on this principle is 
more uniform than that of the tangent instrument, because while 
the sine of one degree is the same as the tangent, that of 90° is i, 
the same as the tangent of 45°, and the sines gradually dinvinish in 
proportionate length, instead of, as in the case of the tangents, 
increasing so rapidly as soon to become almost useless as measures 
of action. But, on the other hand, their action is very limited, as 
the force should deflect below 90°. A sine galvanometer, therefore, 
to be of any extended use, should be made with connections 
enabling successive turns or layers of wire to be brought into 
circuit. 

The construction is similar to that of the stand described § 174, 
the coils of wire being fixed to the upper movable disc; the 
needle usually works upon a point in the middle of the coils, and 
an indicator fixed to it at right angles stands over a zero line, 
from which it is not allowed to move more than two or three 
degrees, its play being limited by studs. In this case, therefore, 
there is an advantage in using a long and powerful needle, as the 
objections to this, § 171, do not exist here. On one of the discs 
is a circle of degrees, and on the other a pointer or vernier. 

To use the instrument, it is set in the magnetic meridian with 
its indicator at zero and the pointer of the outer circle at o^. On 
the current passing it presses the indicator against one of the studs, 
and the disc is then turned in that direction till the indicator 
leaves the stud and places itself on the zero line. The sine of the 
number of degrees pointed to on the outer circle is. the relative 
value of the current, which may be converted into definite units in 
the same way as described, § 176, for the tangent galvanometer. 

Any form of coil, and single or double needles may be used for 
sine galvanometers, and as remarked § 174, any galvanometer is 
converted into a sine one by standing it on the revolving table there 
described. If the current is too powerful for the instrument, it will 
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y the needle all ronnd the circle. In this case shunts, § 272, 

ay be used to send only a known part of the current into the 

tmment. 

178. Ordinary Galvanometers. — These are of simple construo- 
ion, but give no definite information unless their deflections have 
'leen valued or their dials graduated, by being included in the 
eircoit of a tangent or sine instrument, the deflections of which are 
governed by varying resistances. It may be here remarked, also, 
that it is desirable for convenience' sake to note upon the &ce of a 
galvanometer the side to which a current deflects the needle, or, if 
several instruments are possessed, it is still better so to arrange 
the connections that all deflect the same way ; for instaAce, if the 
screws are on the sides of the zero line, make the north pole always 
turn to the side connected to the positive pole of the battery. The 
simplest possible form consists of a mere rectangle of stout wire 
encircling the needle. The lower branch should be let into the 
wood frame, or even be on the lower side, so as to allow the 
graduated arc to be on the wood, and the needle should either 
curve down or be provided with a wire prolongation to come close 
to the graduation. For smaller currents, many turns of wire may 
be us^ without hiding the needle, or it may be fitted with an 
indicator, and the graduation commence at right angles with the 
needle. The value of the deflections of this, and of all the similar 
forms in which the coils surround the needle, is something approxi- 
mating to the ratio of the tangents, but it is not uniformly so 
throughout, nor can any law be framed as governing them. 

179. Universal Galvanometers. — Many amateurs wish to 
possess instruments fitted to the measurement of both weak and 
strong currents, but are deterred partly by the expense, but also by 
the inconvenience attending numerous instruments in limited 
aooommodation, and both drawbacks are felt even by those who are 
prepared to make their own instruments, a course to be strongly 
recommended to all who wish to attain sound knowledge. 

Instruments containing two or more circuits are not uncommon, 
but they are made upon no fixed principles. I devised the instru- 
ment now to be described to suit these requirements, and it led up 
to the one described in next section. 

Fig. 49 represents a stand with three levelling screws ; on it are 
fixed the coils of the galvanometer and a commutator for throwing 
different lengths of wire into circuit. The coils may be made in 
one frame on a flat copper tube, or as is usually done, in two parts, 
one on each side of the needle ; the sides of the frames are secured 
to the stand either by brackets, or if made of wood, by brass screws 
passing up through ihe stand. 

Even if made separate, the two sides of the coils should be 

K 2 
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mounted together on one mandrel for winding, so as to distribnte 
the wires equally between the two. The chamber within the coils 



Fig. 49. 




in which the magnet plays, shonld be 2 in. long and ^ in. deep, and 
the frame made 33^ in. long and if in. high, so as to form channels 
or spaces in which the wire will lie, f in. wide and the same in 
depth all roimd the central chamber. 

The laying on of the wire must begin in the middle, and eacli 
end must be connected so as to complete an exact turn at the 
middle, otherwise the indications will be inacciirate. First lay 01:1 
90 turns of No. 20 cotton covered copper wire, leaving 6 in. of 
tiie end for connection ; the sizes given will allow exactly 10 turns 
to be placed in each channel, and &us four layers on each side will 
complete the 80 turns. Solder the end of the No. 20 (at the exact 
turn) to a doubled length of No. 18, leaving 4 in. or 5 in. to come 
out for the connection, and lay on nine turns of one of these wires 
in each channel, so as to divide the current between them. Finisli 
with a strip of copper f in. wide joined to the 18 wire, at the exact 
spot completing a turn, and leaving the end of the wire standing 
out; make one turn of the strip and bring its end, or a wire 
soldered to it, out for the commencement of the coils. This will 
give three circuits with decimal ratios (nearly) to each other* The 
wire ends are to be carried through the stand, and led to the 
required points. The two outside ends are taken as one (dividing 
the current) to the binding screw + ; the next pair, representing 
one turn round the needle, are taken to i of the commutator ; the 
next pair (joined, as close to the coils as can be, to the end of the 
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No. 20 wire completing 10 tnms) are taken to 2 ; the first end 
of No. 20 wire wluch completes 100 tnms goes to 3. 

The commntator is similar to the one used frequently on medical 
coils, a central pillar connected to binding screw — and a spring 
from it traversing over the numbered studs. For some reasons it 
is better to use mercury cups thus ; a block of hard wood an inch 
thick has central and radial holes f in. deep by ^ in. bored in it, 
and when fixed on a stand, holes are bored through just large 
enough to pass a No. 12 copper wire, on which a head has been 
banmiered up. These heads are well amalgamated, and a piece of 
wire bent twice at right angles passes from the central cup to the 
one desired to be used ; the resistances are thus kept very small, 
BO that when used for measuring batteries, &c., they may be ignored 
in many cases. 

All ihe connecting wires should be kept as close as possible to 
the middle line, so as to have little effect of their own upon the 
needle and neutralize each other. 

The needle is i^ in. long, of four strips of watch spring, and may 
be fitted with an indicator and mounted in either of the ways 
described, so as to play within the central space ; if mounted on a 
point a long needle may be fixed in a piece of brass and screwed up 
through a hole in the stand and in the middle of the coils, with its 
point somewhat above the level of the frame. On the frame is 
secured a dial of cardboard, with an opening in the middle to pass 
the needle through, and a glass cover should go over all. 

The graduation can be effected as before described, but the 
following values will approximate to the readings, if made exactly 
as described: 



Cbemics. Degrees. 

1 ii*3 

2 22 

3 31 

4 38 

5 43 

6 47*5 

7 52 

8 55-5 



Chemics. Degrees. 

9 58 

10 60 

15 69 

20 73 

30 79 

50 83-5 

100 86'5 



These figures represent the indications on No. i circuit : when 
No. 2 is employed they are to be divided by 10, and by 100 for 
No. 3. By using finer wires more circuits may be used, but the 
size of the frame must not be increased, and the whole space must 
be filled or the ratios will not hold good. 

180. Spbagub's Patent XJNrv^EBSAL Galvanombtbb. — While 
nsmg the last-described instrument and discovering the defects in 
it as well as its utility, I worked out a principle by which an exact 
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mnltiplying ratio oould be given to any number of circnits, and 
the disturbing effects of the various connections eliminated. . I saw 
also that the plan I had long used personally of measuring currents 
direct, as described (but which no one else appears ever to have 
thought of as applicable to galvanometers), might be extended so as 
to make them read off resistances in ohms without the use of the 
expensive resistance coils. From these ideas has been developed 
an instrument which will soon be accessible to the public, and will, 
by simplifying the processes of measurement and placing them 
fairly in view, tend to spread generally those definite ideas of the 
measurement of electricity which make it a science instead of a 
mere hotch-potch of isolated facts, but which are at present confined 
almost entirely to professional electricians. 

It resembles in some respects the instrument last described, bnt 
so modified as to ensure accuracy. It shows the current in vebers 
and in chemics as well as in degrees. It can be made to show any 
special work, such as the rate of deposition in pounds or in ounces 
per day or hour of any metal, or to measure other work done. 
When used with a Daniell cell (or several, as required) the indicator 
will point to the resistance of the circuit in ohms, and when used 
with a fixed resistance it will in like manner show at once the 
electromotive force of any battery used with it. It will thus do 
for many purposes, without other instruments and without calcula- 
tions, the work which at present requires the Wheatstone's bridge 
and expensive resistance coils, as well as many calculations. 

1 8 1. Vbetioal Galvanometebs. — For many purposes it is 
common to arrange the needle in a vertical plane mounted on a 
central pivot, in which case the needle is Rouble, one working in- 
side a coil, the other with its poles reversed working outside. 
Such an instrument — which is, in fact, the needle telegraph instru- 
ment — has its uses, but its indications cannot be relied on ; they 
vary with the varying magnetism of the needles, because the 
resistance to motion is not the magnetism of the ea^h but the 
extra weight of the lower parts of the needles; the chief ad- 
vantage is their instantaneous action, as the needle does not 
vibrate as in the horizontal form, and their ready visibility from 
a distance. 

The sensitiveness may be increased if the axis of the needles is 
pointed at the back so as to work in a cup, by inclining the 
instrument, and so diminishing the height through which the 
weight has to be lifted for a given deflection. This form is fi^ 
quently used in practical operations, such as testing telegraphic 
wires, from its portability and general handiness, and in such cases 
it is usually made with a double wire so as to be employed as a 
differential galvanometer. The construction is the same as that of 
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horkonial instrmnents, the difference being in the mode of sus- 
pending the needles and the mounting in a case. 

182. DiFFEBKNTiAL Galyanometebs. — Thcsc may be made in 
any form of construction. They consist of two exactly similar 
wires wound side by side throughout, but very caref ally insulated 
from each other : they must have exactly the same influence upon 
tlie needle, and must also have exactly the same resistance. To 
secure the first, care must be taken that the wires are equally 
tightly laid, so that one has no greater length at any part than 
another. The wires should make a half twist at each layer, so that 
they shall be alternately the nearest to the needle; if this pre- 
caution is not taken, and a needle suspended by a fibre is used, the 
needle is apt to be drawn bodily towards one side, and to be de- 
flected in opposite directions, according to the side it is drawn to, 
in which case no reliance can be placed upon it, as the least 
change of level will cause it to turn either way with the same 
cnrrents. For this reason, probably, differential galvanometers are 
nsnally made with pivoted needles, thus lowering their sensitive- 
ness. To test this equality of action the two coils are to be con- 
nected at the one end, so that the current goes by one and returns 
by the other ; no deflection should be produced, however strong 
the current. If any effect is shown, it may be corrected by adding 
one or more turns of one wire, or if this gives over correction, then 
by unlaying a part of the wire having least influence and laying it 
again in its place somewhat loosely so as to lengthen it. The 
equality of resistance may then be tested by connecting up the 
instrument so as to divide a current between its two coils with 
reverse action, and adding wire at one of the connections outside 
the coils to the wire having most effect until they exactly balance, 
or the resistances may be equalized by means of the bridge, § 216. 
A good differential galvanometer enables resistances as well as 
currents to be compared on principles similar to those explained 
§ 214. If the two coils are exactly equal as directed, currents may 
be compared by passing them in opposite directions. Two resist- 
ances may be compared by putting one in each circuit, and then 
connecting to one battery so as to divide the current between 
them : if one is a resistance to be measured and the other a resist- 
ance instrument, by altering the latter till there is no effect upon 
the needle it measures the first resistance. Multiplying ratios are 
giyen to the instrument by means of shunts, § 272. These are 
provided to one or both the circuits in such way as to open other 
paths to the current and allow yV or y^^ of it only to pass the 
coils ; then the actual resistance inserted in the other circuit has to 
be multiplied by 10 or 100 to give the resistance which it balances. 
In using these instruments, when the resistance to be measured is 



136 ELECTRICITT. 

equal to or greater than that of one of the wires, the resistaace asj 
rheostat should be inserted in the circnit as described ; bnt if tho 
resistance is less, it is better to couple the two circuits so as ta 
neutralize each other, and to use the rheostat and resistance to b6 
measured, as shunts, one for each circuit 

A differential galyanometer may be employed as a single circnit 
of alterable resistance and powers, as one circuit may be used 
alone, or the two coupled as one, reducing the resistance to half of 
that of a single circuit : or they may be used in series with double 
the resistance but double the action on the needle, each of which 
arrangements suits varied conditions of resistance in the rest of the 
circuit ; such an instrument is therefore of use with the Wheatstonei 
bridge. 

183. Thomson's Bkflsotob. — This valuable instrument is so 
purely technical in its uses, and scarcely employed except for 
delicate telegraphic purposes, that a full description is hazdly 
required here, especially as it is rarely likely to be made by any 
one not familiar with it. It is usually constructed upon a yertical 
brass plate about \ inch thick, securely mounted by pillars upon 
an ebonite stand. In the plate and upon each side of it are turned 
circular recesses, leaving a thickness of less than -J-, the centre of 
which is also entirely cut away, as well as a vertical space in which 
hangs the needle system. Four reels, about f inch wide and of 
2 to 2^ inches diameter, of brass or ebonite, with a central tube of 
^ inch bore, contain the wire, and are made to fit into the recesses 
of the plate and held there eiUier by large headed screws or by turn- 
ing small catches so as to grip the edge of the reels. The coils are 
connected in pairs, leaving four ends which are connected to binding 
screws, so that if the coils are exactly alike and careMly adjusted 
they may be used differentially, or at any rate be connected variously 
as described § 182. In some cases also there are double wires used 
to make the instrument a truly differential one. According to the 
purposes desired, different sized wires are used; but fine wire 
(No. 40) is generally used, and a resistance of 8cxx)or 10, 000 ohms 
laid on. 

The needle system consists of two pieces of watch spring f inch 
long, cemented upon an aluminium wire so as to occupy the middle 
of the coil tubes : on the upper needle is also cemented a mirror 
made of a microscopic cover silvered and inclined so as to reflect a 
little upwards, and a slip of mica is fixed across the lower needle 
so as to act as a damping vane and also by touching the tube to 
limit the play of the needle. At the top of the supporting plate, 
and in a hole drilled exactly down the central line, is a sliding 
wire with a hole in its lower end to which is hooked a edlk fibre 
attached to the aluminium rod of the needles : this fibre should 
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have as much length as possible given it, and by slightly raising 
or lowering the rod the needles can be properly arranged for work, 
or lowered so as to take their weight off the fibre when moved 
about: this needle system should weigh altogether only 3 or 4 
grains. The mirror is sometimes made somewhat concave, so as to 
concentrate the light at a given focus. 

The instrument is covered with a cylinder of glass with a flat 
brass top, from the middle of which rises a brass rod fitted with a 
tangent screw to move it gently round. The rod carries a sliding 
tabe on which is fixed a small magnet, by altering the position of 
which the needle is controlled, as to delicacy by the height of the 
magnel^ and as to position by the line in wluch the magnet is 
placed, so as to supersede the small directive action of the earth 
i^n llie nearly astatic needle system. 

The index is the beam of light reflected by the mirror from a 
lamp placed behind a screen 2 or more feet distant : usually a 
narrow slit is provided which thus sends> back a narrow line of 
Hght: it is much better to use a ^ inch circular opening with 
a vertical wire (which should be a dead black) stretch^ across it : 
this reflects a black line crossing the graduation, surrounded with 
light enough to enable the graduation to be observed. The light 
is improved also by being placed some distance back, with a re- 
flector and concentrating lens adapted to the distance of the mirror, 
BO as to get a bright spot which does not require so much darkening 
of the operating room. The deflections within the small limit of 
play allowed are proportional to^the tangents of the angle of defleo- 
tion, and, consequently, to a straight line divided into equal parts 
placed upon the line at right angles to that occupied by the coils. 
The screen has upon it such a scale of equal parts moimted on a 
slide for adjustment, and the whole is to be so arranged that the 
indicating line or spot is upon the zero line, and is equally deflected 
to either side with reversed equal currents. A shunt is always 
provided with the instrmnent so as to send -n^Vrr' tw» iV' ^' ^^ 
the currents into the coils : by using these as accuracy of measure- 
ment is approached, observations can be made without throwing 
the needle about too violently. The instrument must be absolutely 
Bteady, and therefore fixed upon a brick pillar or upon a shelf fixed 
on a solid wall, otherwise the spot of light is always dancing about, 
and it is impossible to make any useful observations. 

184. Gebman Silvbr Wibb. — ^For purposes requiring a high 
uid constant resistance galvanometers are best made of German 
silver wire, owing to its small variation of resistance by tempera- 
tnre. But this only relates to external temperature : as relates to 
the heating effects of the current itself German silver wire is 
worse than copper, and therefore variations in the ratio of shunts 
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§272, will be greater with it than with copper. German silver 
increases its resistance only about ^ as much as copper, but a wii« 
of the same size would have 1 2 times the resistance, and therefore 
collect in it 12 times as much heat from the passing current 
German silver wire is most useful in a galvanometer intended to 
measure electromotive forces by the process described § 270 (3), in 
which a high resistance is needed and one uniform in all experi- 
ments. Brass wire may also be used for the same purposes. 

185. Lippman's Capillabt Electbometkb. — ^The ' Philosophical 
Magazine' for April, 1874, contains a very interesting paper which 
seems to o{)en a new field of electrical research as well as new 
instruments for its study. It is well known that small tubes 
possess the power of elevating or depressing. liquids in them by 
the force of surface adhesion between each liquid and each material 
of tube. M. Lippman has observed that the point of level in such 
tubes is altered when the liquids are polarized, that is, subjected 
to electric tension, and that the variation in the line of level is 
proportional to the degree of the electric tension. 

A glass tube ' 32 mm. in bore is connected by means of a flexible 
tube with a reservoir of mercury, provided with appliances for 
observing the heights of the surfaces : the upper part of the tubes 
enters a reservoir containing dilute sulphuric acid, which is con- 
nected to another reservoir of mercury, due care being taken to 
counterbalance all pressures except those which are intended to 
act. In these circumstances a difference of level of 14 nun. is 
produced by the capillary force of the tube. On forming the 
circuit of a Daniell cell through the two mercury reservoirs and 
the tube the level alters, the difference becoming 18*9 mm. 

Upon these principles an electrometer or galvanometer (for it is 
both) is constructedj^which it is stated is so sensitive that the effect 
of a feebly charged proof plane can be observed. Measurement k 
effected either by a graduation of the tube to be observed by means 
of a microscope, or by the height of the column of mercury required 
to bring the mercury back to its normal line. 

By means of bundles of tubes connected to the two arms of a 
beam and by proper commutators, an engine is constructed which 
converts electric current into mechanical motion : if the action is 
reversed and the machine moved by external force an electric 
current is set up, and it is stated that these effects are produced 
more economically than by means of electro-magnets, as hitherto 
attempted. 

186. Measubbmbnt by Chemical Action. — Faraday proved, see 
§ 253, that whenever an electric current passes through a compound 
in a uquid condition (whether fused or in solution) the substance 
is broken up, its constituents separated into two parts, one of which 
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ippears at the positive, the other at the negative pole, where they 
ue either released, or by acting chemically on other substances, 
*elease some bodies equivalent to them. The laws of this action 
kre studied Chapter IX., under the name of Electrolysis. This 
^hemiGal action is proportional to what is called the '' quantity " of 
^ectricity circulating ; hence any suoh chemical action capable of 
ready measurement may be made the means of measuring the 
galvanic current which effects it. The process conmionly used is 
the decomposition of dilute sulphuric acid ; it is usually, but 
[3TroneouBly, termed the decomposition of water into its constituent 
gases, but really the acid alone is directly acted on, its hydrogen 
set free at one pole, while its radical SO4, by some called oxysul- 
phion, being incapable of separate existence, acts on a molecnLe of 
water, re-forms acid H28O4, and sets free the oxygen ; the practical 
result is, therefore, the same as though water were decomposed, and 
calculations may proceed on that bafflfi. 

187. YoLTAMSTTEBS. — Instruments for thi^ mode of measurement 

are thus named. Their form is subject to infinite variation, and 

every instrument maker devises his own variety. All that is 

essential are the two conductors, an outlet for the gases, and a 

means of measuring them, either separately or together. The great 

drawback to these instruments is the resistance they offer to the 

current, a large proportion of the force being absorbed by the mere 

work of measurement. This resistance is twofold, (i) Chemical. 

By the act of decomposition itself or even the tendency to it, nascent 

gases are produced in contact with the metallic surface, and the 

effect of this is to convert the instrument into a galvanic cell, 

the electromotive force of which is opposed to that of the battery. 

(2) Mechanical, dependent on construction. Most voltameters are 

made with small plates, and as this is equivalent to reducing the 

Bcction of the liquid conductor, it causes great resistance. The 

plates should be as large as is convenient, and they should be 

platinized to facilitate escape of gas. Platinum is used because it 

is not acted on ; graphite carbon would answer equally well, but 

for its tendency to absorb the gases. 

A very simple form may be made from an ordinary wide-mouthed 
bottle. Two plates of platinum with wires attached are mounted 
on the cork with binding screws outside ; in the middle of the cork 
a glass tube is fitted to carry off the gas by means of a flexible tube to 
an ordinary gas measuring jar : the end of this tube should project 
& little within from the surface of the cork and be cut off slanting 
so as to resist the ingress of moisture, and the cork should be 
boiled in melted paraf^. 

If it is desired to collect the two gases separately, the cork should 
be fitted with two glass tubes as large as it will admit and going 
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nearly to the bottom of the bottle. The tabes should be left open 
at the bottom, and closed at the top with a cork fitted as before 
with a gas leading tube and a strip of platinum : these giving off 
each its proper gas within the tube, completing the liquid circuit 
by the open ends dipping in the liquid. 

For experiments with 'very small currents, as, for instance, those 
of induction coils, large surface is objectionable, as so much of the 
gas is retained by them and in the liquid : for such occasions a 
wire enclosed in a glass tube melted to it and exposing only the 
end, is used. These conductors may be fixed in small tubes and 
used as just described, or both may be passed through a cork in the 
neck of a small bottle with its bottom cut o£^ so that it can be used 
as a receiver in which two small test tubes can be inverted over the 
conductors, so as to make a model of one of the common forms of 
voltameter. 

1 88. As before stated,' these instruments are objectionable on 
account of their great resistance. It is, however, quite possible to 
have a voltameter which not only shall not give any resistance, but 
shall help the current. A Smee cell is to all intents a voltameter, 
if we collect the gas given off, and ascertain how much of it is due 
to local action ; tibe mode of effecting this is described § 124: a cell 
for this purpose should be large enough not to lower the current by 
its resistance, and its outlet should be closed when not in use, so as 
to keep the liquid charged with gas. 

189. We have now to learn what the measure of gas given off 
teaches ; a point which electrical writers usually fail to clear np, 
because they take the actual measure itself as the primary matter, 
instead of treating it as an incidental effect, and thus base upon it 
all sorts of arbitrary units, as, for instance, Jacobi's unit of current, 
that which in one minute generates one cubic centimetre of mixed 
gases at 0° C. and 760 mm. barometer. The thing really wanted is 
to know what measure of gas corresponds to such a defiidte system 
in weights as furnishes the unit or '' chemic " current, to value the 
indications of the voltameter as in § 176 those of galvanometers are 
valued. We require, in fact, to know what mectsure corresponds to 
those weights, not to set up a different set of ideas altogether. By 
the system of weights the current is measured by the number of 
equivalents of any substance acted on, ascertained by dividing the 
total weight by the known equivalent weight. Now the system of 
measure is still more simple, for every atom of a simple substance, 
or still more inclusive, every molecule of any substance, simple or 
compound (with a few exceptions), occupies in the gaseous state the 
same volume, no matter what its weight is. What we want is the 
relation between the equivalent and this molecular volume. 
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In water, H^O, there are three atoms, all of equal yoluxne ; bnt 
as to weight, hydrogen being unity counts 2, and oxygen by its 
atomic weight 1 6, makes the molecule of water 1 8, which answers 
to two electric equivalents. Once we know then the measure or 
bulk of I grain of hydrogen, we know the weight of the same bulk 
of every other gas, tiie constitution of which we know. 

The best mode of measuring gases is by the metric system 
reckoned at o° 0. temperature (freezing) and 760 mm. barometer 
(one atmosphere) correcting to actual temperature and pressure ; 
bnt as exact accuracy is never attainable in this particular case, 
because part of the gases is absorbed, it is near enough to take the 
average condition at 60° Fahr. and 30 in. bar., at wluch, according 
to Miller, I grain of hydrogen occupies 46*73 cubic inches, which 
may be considered the unit or atomic volume. 

Therefore, for each unit of quantity or current there will be 
given off — 

In the modified Smee voltameter, 46* 73 cubic inches of hydrogen. 

In the double voltameter, the same in one tube, and 23 * 36 cubic 
inclies of oxygen in the other. 

In the single-tube voltameter, 70*1 cubic inches of mixed 



A tube of glass, such as the ordinary Mohr's alkalimeter, can easily 
be graduated to measure this off direct: 46*73 C. I. = 11797*45 
fluid grains, therefore a tube containing 1179*8 grains divided 
decimally would contain one-tenth of a unit, and require one hour 
to fill by a chemic current from a Smee voltameter. 

190. As any one of the reactions which take place in a galvanic 
dicnit will answer for the purpose, the best voltameter for many 
pnrposes is tv70 plates of copper in a coppering solution. If a 
Daniell with flat plates is used this system aJso wxQ supply instead 
of absorbing energy. The weight of copper divided by 31 '75 as 
explained § 176 will give the required information. 

191. Mbasubembnt by Heating Eppeots.^ Whenever current 
passes through a wire it meets a certain fixed resistance, in over- 
coming which the equivalent proportion of energy is converted into 
beat, and the current, therefore, is capable of measurement by this 
beat. As an illustration of the erroneous notion of the older ideas, 
such as that heat is the two supposed electricities united, it must 
be understood that this conversion into heat of the force of a 
galvanic current does not in the least reduce the " quantity " of the 
electricity ; that is to say, a current arising from tiie consumption 
of one unit of zinc will deposit exactly the same quantity of copper, 
viz. one unit, whether it passes directly to the coppering cell, or 
whether a long fine wire, in which heat is developed, is also 
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interposed in the circuit ; the only difference will be that it will 
take much longer about it. This is explained by the general 
principles of the circuit, § 274. 

E'zperiment, has, however, settled that — (i) In a wire of given 
resistance (ignoring the variation produced by the heat itself in the 
wire), equal currents always generate the same amount of heat. 
(2) With different currents the amount of heat varies not in the 
ratio of the currents themselves, but in the ratio of the squares of 
the currents ; thus, if a current of one unit produces in a given 
wire one heat unit, that is, sufficient to raise one pound of water 
one degree in temperature in a minute — then a current of two units 
will produce in the wire four such units of heat. 

This is expressed mathematically H = C^Rt ; to give the heat 
developed in a given time any fixed value, a constant which is the 
heat equivalent of the current in a unit resistance for a unit time 
(such as one second) must be employed with the formula; for 
which see § 257. 

192. Calobimetbbs. — These little-used instruments are thermo- 
meters containing a platinum wire, through which the current passes. 
There are two £uids: (i) an air thermometer — a bulb with a fine 
graduated stem containing liquid ; the platinum wire crosses the 
bulb : (2) a vessel containing a known weight of a non-condncting 
liquid, such as water or alcohol ; the wire passes through this and a 
thermometer shows the temperature generated, which, with the spe- 
cific heat of the liquid, gives the actual heat. Thus, if a pound of 
water is used, each degree represents a unit of heat, and if the resist- 
ance of the wire is i ohm the calculations are very simple, see § 275. 

193. Heatinq Effect upon Wires. — The formula in § 191 
expresses the actual heat as quantity of energy ; but another con- 
sideration of moment is the temperature to which' that quantity of 
heat can raise a particular wire. This depends upon several con- 
siderations, such as the weight of metal in the wire, and the speci^c 
relation of the metal itself to heat (see §§13, 108, and 196), i. e. its 
iq>ecific heat. A general formula may be given for this, not reckon- 
ing, however, the heat lost by radiation and conduction. , 

C. = Current in vebers. 
E. = Eesistance of wire in ohms. 
W. = Weight of wire in grammes. 
8. = Specific heat of metal. 

H. = Rise of temperature per second in degrees Centigrade. 
• 24065 = Calories equivalent to veber. 

Then H = :^45^y^^lii^. 

W X « 
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In this and similar fonnnlsB the metric weights are necessary, 
because the units are themselves based upon them. The specific 
heat of metals increases as they approach the temperature of 
fusion; and, therefore, platinum varies less than other metals. 
The following figures are the average between o° and 300° C. 

Specific heat. Melting point. 

Copper 'lois 1091 

Iron •1218 1805 

Silver '0611 1023 

Nickel '1155 1800 

Platinum .. .. '0355 2100 

Zinc '1015 412 

The specific heat of alloys is the mean of that of their compo- 
nents, and is ascertained by multiplying each specific heat by 
the percentage of the metal and dividing the sum of the whole 
by 100. This only holds good at a distance from the melting 
points, which are usually not the mean of the constituents, but 
lower ; and it is doubtful if it applies to those alloys which, like 
German silver, differ in resistance greatly from that of the means. 

The effects may be compared upon the system of English weights 
and units used in these pages, by taking as the heat equivalent the 
grain instead of the pound of water. Then the worth of the Veber 
current is 6*6855 such grain degrees Fahr., and that of the chemic 
{ySSy = '20722. 

The length in feet of a wire weighing i grain per foot, which 
gives I ohm resistance, is of course the weight in grains, and is for 
oopper 4-845 and for platinum '2828, and as in these different 
lengths or weights equal actual heat is produced, it is evident that 
very different heating effects must be exhibited ; but the specific 
heat has also to be considered, and this, again, greatly increases the 
difference. 

If we multiply the unit heat of cmrrent (above) by the reciprocal 
of the specific heat (that is i -7- specific heat), we get the number of 
grains of the metal that unit heat would raise 1° Fahr., and dividing 
this by the length of the grain-foot ohm (the unit wire, § 226), we 
get the actual rise of temperature produced in that wire for a Veber 
corrent as 14* 5° for copper and 730° for platinum ; that is, a cur- 
rent which would only warm a copper wire slightly would raise a 
platinum wire to a red heat. 

In an experiment with such a platinum wire, I obtained the 
corious result that the loss of heat and gain so balanced each other 
that the actual temperature maintained by the current closely cor- 
responded with the calculated rise. 
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HSAT OF WlBES. 



Heat obsenred a to Degrees Fahr. 



I. Yeber current .. 

'•^""'-d {;~°} 

3.Chenyred {\*^ 

4. Orange |^^ 

5.WhUe {^35^} 

*6. Fused about 3700 



Current in 
Chemics. 



5*68 
7' 

8- 

9-5 

io'7 

I2'6 



Calculated 
Heat 



730 
1 109 

1473 

2042 

2585 
2847 



Of course, the coincidence noted was accidental, and only holds 
for the very fine wires. 

In heating wires, it is to be remembered: i. The same curreni 
will heat an inch or a mile of the same wire ; the length heated in 
any given conditions is purely a question of resistance, and the 
force employed to pass the current. 2. To heat, equally, thicker 
wires, the current must be increased as the weight of wire per foot 
increases. 

The arrangement of batteries to produce these two effects is 
number in series for the first, large cells for the second ; and the 
resistances and electromotiye forces must be arranged so as to 
produce the required current. 

194. Pbinoiples of Measubsment. — ^As soon as men passed that 
first step of civilization in which they bartered with each other 
from hand to hand articles presented to the sight, and required 
some more abstract idea of value and quantity, they naturally 
selected for their unit some common object ; thus our early English 
weights appear to have been in some degree based on the barleycorn, 
while the many " stones " of our country districts were possibly at 
first actual stones used by some eminent individuals as weights, 
which afterwards became a sort of local standard. These weights, 
&c., naturally grew up to larger ones by the process of doubling, 
and hence was gradually generated the present system of weights 
and measures. The intolerable burden of the calculations these 

* The last line of the experiments illustrates the fact that the breaking of a 
wire by the galvanic current is not due to pure fusion, but occurs at a lower tem* 
perature. The effect is partly analogous to the destructive effects of lightning. 
The fusing point is, in fact, that point at which the vibratory molecular motioD 
of heat, §§ 13 and 29, just overcomes the molecular attraction of cohesion; but, if 
electric transmission also- involves a motion or revolution of the molecules, it is 
obvious that this effect must be added to that of heat and destroy the cohesion at 
a lower temperature. 
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inflict upon modem commerce must ultimately induce even " prac-* 
tical" England to get rid of them, as the more scientific and 
generalizing French mind has long ago. 

Exactly the same process has been followed in scientific matters; 
in earlier times, before the whole aspect of science had burst upon 
the mind of man, the more salient phenomena of each division of 
natural knowledge were first observed ; subsequent observations 
were referred to and compared with these, and thus grew up a set 
of merely *' practical " systems of measurement based upon isolated 
facts, and even worse, expressed in the confusing system of common 
weights and measurea Hence, in electricity we have such measures 
of action as that referred to in § 189, and many similar ones, all 
based on isolated facstA, As electricity assumed the state of an 
exact science, and was brought into subjection to mathematics, the 
evils of this system became so intolerable that an efibrt was made 
to remedy the nuisance, and an organized system of electrical 
measurement has been devised under the auspices of a committee 
of the British Association. 

195. Most unhappily for science the gentlemen on whom this 
dntj was devolved, being mostly trained mathematicians, failed to 
escape altogether from the trammels of the '* practical," and the 
bondage of mere mathematics; and, in consequence, perfect in 
itself as is the result of their labours, they have certainly thrown 
back science many years in its progress and interposed a formidable 
barrier in its way, because the very perfection of their system keeps 
oat of sight its fundamental error, viz., the perpetuating the old 
arbitrary system, instead of seeking a truly scientific starting 
point. This evil, which very few people even yet comprehend, is 
analogous to the errors of the old astronomy : it looked at the 
muverse from the earth, and tried to bring all the observed 
motions into a system subordinate to the earth ; hence inextricable 
confusion. As soon as man adopted nature's centre, and looked at 
the universe from the sun, all confusion disappeared, and perfect 
barmony and simplicity were at once presented to tilie observer. 
Exactly so with every other science. When we want to weigh and 
measure nature, her forces and works, we ought to take for our 
^ts Tneasures which nature herself uses. Of all the sciences, 
Weyer, chemistry alone does this, and in consequence has made 
the most rapid progress since this plan, otherwise known as the 
atomic theory, has been employed ; for what is the atomic theory, 
but the substitution, for the incomprehensible and unmeaning rela- 
tion of pounds weight or pint measures of matter, of the idea of 
wUure*s unity the atom of matter without reference to weight or stze^ 
except when these are required for practical purposes, and then 
ascertaining the weight of each form of matter which nature has 
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put into ber nnii of each element? Eyen yet some chemists, 
nnable to nse to the clear conceptions this theory gives, ungrate- 
fully ondeavonr to set it aside as a ^'mere theory," useful, but 
imaginary, forgetting that^ quite independent of its chemical im- 
portance, all tibe physical sciences are rapidly coming within the 
scope of the atomic theory. They would do so completely and 
their progress be greatly increased, were it not for the trammelB 
of the units employed, based on arbitrary weights and measures. 

196. HxAT Units. — Thus in heat we haye many units, the usual 
English one being i IK weight of water raised 1° in temperature; 
and to connect this with any special work, and so value it, we 
have to use whole rows of figures, each of which teaches only its 
own lesson. In mechanical force we have thus the foot-pound as 
our English unit. Now nature knows nothing about pounds or 
feet ; and as we therefore interrogate her in an unknown tongue, she 
was unable to point out to us that between heat and mechanical 
work there is a definite relation, and though she puts tbat fact 
before us in a thousand ways, we cannot see it. Having, however, 
by the patient labour of many minds, at length discovered it, we 
do our best to disguise it by saying that the unit of heat is equal 
to 772 units of work. Now what sort of idea is conveyed to the 
mind by saying that raising the heat of i lb. of water i^ is equiva- 
lent to lifting that same pound of water 772 feet? Nor is the 
matter in the least improved by substituting the French metric 
system for the English, for this is none the less arbitrary, the only 
advantage lies in the decimal system simplifying calculations. 

Yet all the while nature is calling on us to adopt her own 
system, to use her unit — the atom — ^for our unit. Thus, if we take 
several sub}itances and heat them to the same point and measure 
the actual heat absorbed, we can discover no relation of cause and 
efPect. We are using the wrong unit, as the following table makes 
very clear : 



Sabetanoe. 


Specific Heat 


• 

Atomic AVeight. 


Product or 
Atomic Heat. 


Lithium 

Iron 

Gold 

PlatiQum 

Water 


• 94806 
•I1380 

•03244 
•03343 

!• 


7* 

56- 

196' 

198- 

18 

3 


6-59 
6-37 
6-36 
6'42 

6- 



In the first row of figures we have the relative quantity of heat 
necessary to raise i lb. weight of those several substances 1% at 
ordinary temperatures ; that is to say, these puzzling figures are 
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all our unit, the poimd, can teach us. The next colnnm gives qb 
uatore's unit, and by interpreting the first figures by this we get 
a uniform result, allowing for inevitable errors of observation and 
the energy absorbed in internal work, such as expansion, &c. But 
we still go on talking about specific heats ; we still call the atomic 
heat 6-4, though nature is urging us to call the atomic heat i, and 
make tnis our starting point, instead of the absurd, because arbitrary, 
pound of water. Now if we go to gases we have yet further teaching. 



Name. 


Specific Heat. 


Molecnlar 
Weight. 


Product 


Equal Vohimes. 


Water as steam .. 
Hydrogen .. 

Oxygen 

Chlorine 


•4805 

3*4090 

•2175 

•1210 


l8- 

32- 

71- 


8-65 
6-82 
6^96 

8-59 


•2984 

•2359 

•2405 

•2962 



Here we have in the first row similar incomprehensible figures, 
reduced to comparative uniformity by taking the molecular weights 
into account Here we find the molecular heat of pure gases 
approaching the atomic heat of solids, while steam and chlorine, 
which are easily condensable, are intermediate, giving us plain 
hints as to how we may trace out the relations of force to physical 
state, and to the work done in expansion and altering molecular 
structure ; hints which are mere unmeaning hieroglyphics as long 
as we persist in trying to deal with them by pounds instead of by 
atoms and molecules. 

197. If we now expose an atom, that is, any unit of weight, be it 
a grain, a granmie, or a pound of hydrogen, or, what comes to the 
same thing, an equal volume of any other pure gas under the same 
conditions, to heat, we find it requires different amounts of heat to 
produce the same heating efifect, according as we allow it to expand 
or confine it, Le. accordmg as we keep the volume or the pressure 
constant. Expansion means lifting the vodght of the atmosphere, 
and whatever excess of pressure is put on the gas ; hence the dif- 
ference between the heats of constant volume and constant pressure 
is mture's unit of work. By it she tells us that with the same heat 
or energy she can either raise the temperature of one atom of 
elementary matter, or she can raise a given weight ; but if we are 
to miderstand her lessons, we must make this weight, not the foot- 
pound, our unit, because then the unit of heat and work will be the 
same, and their relations will at once become self-evident. Had 
the metric system been based upon this principle, using a fixed 
volume of hydrogen at normal pressure as the unit of weight and 
measure, instead of water, the system would be as valuable scienti- 

L Ji 
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fically as it is now practically, for it would have been correlated to 
the atomic system of mature, and its relation of constant volume 
and pressure wonld have furnished a fundamental unit for all the 
natural relations of matter and energy. 

Now to come to our special subject, this same unit of work and 
heat will furnish us with that of electrical force ; for it must be 
remembered these units are abstract and relative, not concrete and 
absolute ; we can translate their results into any system of weights, 
&c., by simple multiplication, just as a table of atomic weights is 
equally intelligible to an Englishman using grains or pounds as to 
the Frenchman using grammes. 

Beautifully simple as the whole system of scientific measurement 
would become if this one natural unit were used as the base, it 
requires a great deal of work to be yet done before we can employ 
it, because so much work has been wastofully employed. We stiU 
need some very careful experiments to eliminate the various sources 
of error, and ascertain exactly what the true atomic unit is in anj 
system of weights, and meantime it is necessary to employ and 
endeavour to comprehend the units at present in practical use. 

The system devised by the committee of the British Association 
is the only one thoroughly worked out, and is now generally 
adopted in England in practice, though few people really under- 
stand it, and there is much confusion in the various explanations of 
it offered by different accepted authorities. The following is an en- 
deavour to make it comprehensible to ordinary minds witibout much 
mathematical knowledge, and it relates principally to those parts 
of the system bearing upon current electricity. 

198. It will be beist first to explain the object of the system. 
The mathematical expression of the phenomena of electricity 
known as Ohm's law, is now universally accepted, and thoroughly 
satisfactory ; it is entirely independent of any theory whatever as 
to the nature of electricity, but merely expresses the conditions of 
the observed f(EM)ts ; and to do this embodies them under certain 
heads. The fundamental expression is that a force^ be it what it 
may, produces the observed effects ; and this is called electromotive 
force, symbolized by E. Its necessary first consequence is a 
tendency to action^ which is called tension, potential, &c. This is 
opposed by the various circumstances, molecular construction of the 
substances, insulation, &c., all of which are embodied in the general 
term '" resistance," symbolized by B, which again simply expresses 
a fact, but no theory whatever. The result is action measured by 
the relation of these two, and called ^ quantity," Q ; and when 
time is taken into consideration it becomes ^ current," or quantity 
in a given time, symbolized by ; this is very commonly called 
" intensity of current," and symbolized by I ; this mongrel term, 
derived from the translators of the French phrase ''intensite de 
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conrant," strength or amount of current, leads to great confiision of 
ideas, because intensity has, in the earlier English books, a distinct 
meaning which corresponds to tension, and has no connection with 
current or quantity. The object of the B. A. system is to furnish 
a defined unit for each of these mathematical e}i;pressions, so that 
all the actions of electricity may be capable of exact definition and 
comparison with mechanical work. This object it would be impos- 
sible to carry out with the confused English measures ; therefore 
the systematic French metric measures have been employed, and 
in these alone is it possible to explain the system, though an en- 
deavour is made, § 257, to conyert its chief units, &c., into familiar 
English measures. 

199. The Absolute Unit. — The effect of a constantly acting 
force upon a body capable of motion is to move it with an in- 
creasing velocity, and the strength of a force is measured by the 
^ velocity " it has imparted in a given time, this velocity being in 
fact double the actual space moved through ; thus the attraction of 
gravitation in England causes a body to fall at the rate of 16* i 
feet in a second, and therefore the velocity due to gravity in one 
second is 9*811 metres (English 32*2 feet). But gravity is a 
force which varies with locality, because of the form of the earth. 
The theoretical unit of force must be unalterable and be expressed 
by single figures ; this is the absolute unit, and any actual figures 
might be employed,'but those selected are weight, i gramme ; length 
or space, i metre ; time, i second, and the ^indamental *' absolute 
unit " is a force which acting for one second would give a weight 
of I gramme, a velocity of i metre per second. Some use the 
centimetre for small forces, but this is only a source of confasion, 
and in these pages nothing will be referred to but the metre gramme 
second as the absolute unit. From this are derived all the other 
units as shown in the following formulsd from the Beports of the 
British Association Committee, and given in Messrs. Clark and 
Sabine's work. 

200. FOEMULiB OP THE ABSOLUTE UnITS. 

1. Fundamental units. 

L Leugth or space =1 metre. 

T Time .. / = 1 second. 

M Mass =1 gramme. 

2. Derived mechanical units. 

^ , ^ L*M 
Work, W = -^. 

™ I^M 

Force, F = -^ . 

Velocity, V = ^ . 
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3. Derived magnetic units. 

Strength of a magnet pole to = Lf T~* M^. 

Moment of a magnet .. .. ml = Jj^ T~* M^. 
Intensiiy of a magnetic field .. H = L~* T~* M^. 

4. Electromagnetic system of miits. 

Quantity of electricity .. .. Q = L^ x M^. 

Strength of a current .. .. C = L^ T"' M^. 

Electromotive force E = L| T"* M^. 

Besistance of conductor .. .. B = L T~\ 

5. Electrostatic system of units. 

Quantity of electricity ., 2 = ^i T~* M^ = vQ. 
Strength of current .. .. c = Lf T"* M^ = vG. 

E 
Electromotive force .... c = L^ T~^ M^ = — • 

Besistance of conductor .. r = L~* T = -j 

IT 

V s 3io,740,cxx) metres per second, the ratio of the electro- 
static to the electromagnetic unit of quantity. 

201. Values of the Units. — From the foregoing it results that 
the absolute imit is a single expression for all the forms of energy, 
while the practical units in ordinary use have a known value, and 
may be converted into absolute units. 

A unit magnetic pole is one which repels a similar one weighing 
I gramme at a metre distant with one unit of force. 

A unit quantity of electricity is that which repels an equal 
opposite charge a metre distant with a unit of force. 

A unit current is one which, in a wire i metre long forming an 
arc of a circle of i metre radius, repels a unit pole at its centre 
with one unit of force — that is, arranged as a tangent galvanometer a 
wire forming a circle of two metres diameter would exert 6*2832 
units of force on such a pole. The unit current in a straiglit 
wire of i metre long, repels a similar one i metre distant with one 
unit of force. 

When a magnet is moved into a circle of wire or the reverse, a 
current is generated in the wire, and the earth being a magnet tiie 
same effect is produced by it, and though we cannot do this really 
with the earth, yet the result is the same if we revolve a ring or 
coil of wire across the lines of magnetic force, only we get reverse 
currents at each half revolution, which, by means of commutators, 
can be converted into a continuous current in one direction ; the 
axis of motion may be horizontal or vertical, but its true position is 
at right angles to that of a dipping needle ; if placed in the mag- 
netic line no current is generated. 



MEASUREMENT. I5l 

Let US now take a ring of i metre radins thus arranged vertically ; 

as it revolves, the current reversing when the ring is at right angles 

to the magnetic meridian, and at the same time the ring altering its 

relation to a needle at its centre, the action on this is uniform ; the 

current developed will depend on the number of magnetic lines 

traversed, and therefore on the speed of revolution. As this 

increases, the needle will deflect more and more, and when this 

deflection reaches 45% the current is equal in action to the magnetic 

influence of the earth, and this being known, the various relations 

may be calculated ; for, to quote an authoritative definition, *' the 

unit of electromagnetic force is the force of a current, which, 

when it traverses a circular conductor, whose sectional area is 

equal to the unit of surface, and acts upon a magnet whose mag« 

netic moment is equal to unity, the magnet being placed at a great 

distance, and in such a manner that its axis is panJlel to the plane 

of the conductor, and its centre in a line drawn through the centre 

of the circular conductor, and perpendicular to its plane, exerts 

upon the mi^gnet a rotatory force equal to unity divided by the cube 

of the distance between the centre of the needle and the centre of 

the conductor." 

The force of the current generated in this apparatus is evidently 
equal to two distinct things, ist. The efibrt or work expended in 
producing the current, which generates an equal resistance to 
motion — that is, if we ascertain the amount of work necessary to 
produce rotation with the axis in the magnetic line, when no 
electric current is produced, and that required to produce the 
same rotation when the current is produced, the difierence is the 
mechanical equivalent of the current. 2nd. The current, or, rather, 
the electromotive force producing it, is equivalent to the resistance 
of the wire in which it is produced, multiplied by the revolutions, 
and this may be expressed in terms of velocity — that is, in the metre 
Becond, the unit of force, making force and resistance equivalent. I 
cannot put this in better terms than those of Dr. Ferguson, in his 
philosophically written little work ; referring to the ring described, 
he says, **to reduce the motion of the ring to the equivalent 
motion " of the unit metre length, " we must project the motion on 
a vertical plane at right angles to the magnetic meridian. The 
semi-revolution of the sphere described by the ring projected in 
this plane is the area included by the ring — ^namely, 3 * 141 6 square 
metres, and by a whole revolution twice this, or 6*2832 square 
metres. If ten revolutions per second produce a deflection of 45% 
the effective area is 62 * 832, which is equivalent to a metre slider " 
(or unit metre length) "moving at the rate of 62*832 metres per 
second. But we reckon the current from i metre of it, so that the 
velocity of the ring must be 6*2832 times increased to give i 
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metre the effect of the whole oircmnference ; the equivalent velodty 
of the metre slider mnst thus be 394*7* The resistance of the 
wire (of which the ring is made) is thus 394*7 metres per 
second, and we can easily calculate the length of it necessary to 
produce a resistance of i metre, or 10,000,000 metres, the B. A. 
unit."* 

It was by an apparatus of this kind and by prolonged careful 
experiment that the actual values of electric resistance were 
established, and by this the other required information and units 
ascertained on principles which may be summed up in Fleeming 
Jenkin's words. *' A battery or other rheomotor of unit electro- 
motive force will generate a current of unit strength in a circuit of 
unit resistance, and in the unit of time will convey a unit quantity 
of electricity through this circuit, doing in the same time a uhit of 
work or its equivalent. These relations leave the absolute magni- 
tude of the series undetermined. Weber has proposed to fix the 
series in various ways, but the most convenient, where measure- 
ments have to be made by observations conducted by the aid of 
magnets, is probably that in which the series is fixed by the defini- 
tion of the unit current, as that current the imit length of which at 
a unit distance exerts a imit force on the imit magnetic pole. The 
definition of the unit magnetic pole by Gauss and Weber, in its 
turn, depends solely on the units of mass, time, and length." 

202. Pbactioal Elegtbio Units. — The absolute unit is an infini- 
tesimal thing having no existence, a simple agent for calculations ; 
in practice actual units of suitable magnitude are necessary, and 
the connection of the units permits only two to be selected, the 
rest follow from these by the laws of the system. Those selected 
were for electromotive force, one nearly approximating the Daniell 
cell, as a practical unit, yet a decimal multiple of the absolute unit ; 
the other, for resistance, being a near approximation to an abeady 
well-known imit, Siemens' mercury tube. Names were given to the 
several units from those of distinguished electricians. Thus were 
arranged the following : 

Electromotive Force and Tension the Volt. 100,000 

Static Quantity the Farad. *oi 

Besistance the Ohm. 100,000 

Quantity or Current the Veber 'oi 

203. Eleotbomotivb Foboe. — Force or energy is the generic 
term for the sources of all the actions we are acquainted with, and 
modem science regards it as Tnotion in some form when active, as 

* Resistance may also be regarded as a mechanical resistance, and measured as 
the energy required to overcome it. On this view i ohm is the equivalent of 4675 
foot-pounds, § 25 7, under unit conditions. 
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the tendency to motion when in the latent or potential condition* 
We call it 

Workj as relating to masses of matter. 

Affinity, in the chemical relations of atoms of matter. 

Cohesion, in the relations of molecules of the same body. 

Adhesion or friction, as related to the superficial molecules of 
different bodies. 

Heat, as related to the atoms and molecules of matter each 
moving independently among its neighbours. 

Electricity, when connected with a complete circle of polarized 
molecules, this being the essential condition of electrical action. 

Electromotiye force, then, is any action or power which tends 
to produce this polarized connected circle of molecules, and its 
degree is measured by the amount of tension or strain it can pro- 
duce on such a circle. 

Friction develops electromotive force through the adhesion 
between superficial molecules in contact. 

Chemical affinity by its efforts to break up the molecules acting 
on each other. 

Mechanical motion produces it by exertion against the action of 
molecules ; but all produce it only if the required conditions are 
present, otherwise they produce heat, &c. 

The VoU, — This unit is simply a measure of a static force, but 
there exists no standard of it, and it is therefore purely a matter of 
calculation, being the hypothetical force needed to fulfil the con- 
ditions laid down in §201. It is 10^ or 100,000 absolute units. 
Its nearest practical representation is the Daniell cell in perfect 
order ; the force of this cell is, according to the best authorities, 
I '079, that is, the unit electromotive force is '9268 of a Daniell 
cell. As the force exerted in a thermo-electric battery is constant 
for given ranges of temperature, the standard volt might be obtained 
by ascertaining the number of the alternations of two metals, copper 
and iron for instance, the junctions of which alternately at the 
freezing and boiling points of water furnished the exact force ; but 
as the Daniell cell is a convenient and practical electromotor, 
always at hand and easy to experiment with, it is probably the most 
convenient, subject only to correction by the above figures. 
Table XYIII., § 264, of tibe forces of the various other batteries in 
common use will enable calculations to be made of the forces of 
any combination. 

204. Tension. — ^This is very commonly regarded as the same 
thing as electromotive force, but really it is its first action; 
although the two are always equal they are differently localized ; 
the force lies only at the point of original action, the tension is 
distributed over the whole circuit. This is explained § 215. 
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Tension is analogous to pressare, and is a pnrelj static condition. 
Hence tension never manifests itself ]per se ; all itxe effects of wbat 
is called static electricity are effects of leakage, or they result from 
'some action which alters the resistance of the circuit and which 
therefore also alters the tension. The reason of the enormous tension 
of frictional or static electricity is that it is deyeloped against high 
resistance, the circuit being almost entirely composed of dielectrics 
or non-conductors, substances of high specific resistance. 

The volt is the unit of tension also. 

205. Potential. — ^This word is growing into so much use in 
electrical writings that it is perhaps desirable to explain why it is 
not used in these pages. That reason is that at present it has 
really no definite and accepted meaning. Two quotations £rom 
leading electrical writers wiU show that this is the case. 

Latimer Clark, in his 'Electrical Measurement,' p. 10, says, 
" We will now treat of electric tension or potential. The two terms 
are perfectly synonymous^ but the word potential is generally pre- 
ferred by mathematical writers." Fleeming Jenkin, ' Electricity 
and Magnetism,' p. 26, says, " The word potential, introduced by 
Green, has only lately been generally adopted by electricians, and 
is still often misunderstood ; it expresses a very simple idea, and 
one quite distinct from the meaning of any other term relating to 
electricity." 

In fact, the word is almost always used in place of tension or 
electromotive force, because there is something full and smooth 
sounding about it ; but the idea which really does belong to it 
is a pure mathematical abstraction which only highly trained 
minds can apprehend. What that abstraction is may perhaps be 
seen from Jenkin's definition of the '' simple idea." *' Difference of 
. potentials is a difference of electrical condition, in virtue of which 
work is done by positive electricity in moving from the point at a 
higher potentiad to that at a lower potential, and it is measured by 
the amount of work done by the unit quantity of positive electricity 
when thus transferred." " The potential of a body or point is used 
to denote the difference between the potential of the body or the 
point, and the potential of the earth." 

Words whose meaning is indefinite are delusions, and as electro- 
motive force and tension have definite meanings which the mind 
can grasp, those words are used here. The idea '< potential" is 
really meant to convey, is one required only in the highest and 
most delicate branches of electrical science, and the word is best 
confined purely to its proper object. 

206. Quantity. — The Farad. — There is a considerable amount 
of difference among authorities as to this unit, only, however, as to 
a difference of a million times; it will probably be ultimately 
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settled on the basis of the doctrine in § 201. Clark defines it as 
" that quantity of electricity which, wilh an electromotive force of 
one volt, would flow through a resistance of one megohm in one 
second." This is not in accordance with the principle, but really 
describes one-millionth of the true unit, or what Varley calls the 
microfarad. 

Although the ^bosA is thus described as ^flowing, it really is 
a static unit ; it means the amount of charge a condenser is capable 
of, and its most common use is as a measurement of the static 
cliarge which each wave of electricity imparts to a cable before it 
makes itself manifest at the distant end. 

It is therefore the unit of capacity, § 60, and as it belongs to the 
Bnbject of cable telegraphy is beet studied in technical works. 

207. GuBBENT. — The Yebbb. — This obviously should be the 

same thing as the unit of static quantity; it is furnished by the 

fmidamental principles in accordance with Ohm's laws. Thus 

_, E 

C = - the current is proportionate to the electromotive force 

divided by the resistance ; substituting units, therefore, this gives 

- = I, or by the actual values in absolute units, 

Volt 100,000 — - 

^rz— = = Veber 'oi. 

Ohm 10,000,000 

or one hundredth of an absolute unit ; and therefore, by the laws of 
the current, the energy absorbed by a Veber current in an Ohm 
resistance is (io~*)* x 10'' = 1000 absolute units. Some works 
give the unit of current as one-hundredth of this, but this is a 
mistake. The chemical value of the Veber is shown in § 224. 

208. Ebsistakge.— The Ohm. — Here we have something really 
definite, for it has a fixed value ascertained, and standard measures 
are issued. It is equal to ten million absolute units. Resistance is 
60 important an item of electrical science that it requires full 
explanation. It is whatever opposes that act of polarization and 
discharge along a chain of molecules which constitutes the electric 
current, and every substance has its specific resistance ; this means 
that each such substance requires a definite exertion of force to set 
up the state of polarization and effect discharge. When this resist- 
ance is veiy great, the substance is a non-conductor or dielectric, 
such as guttapercha. In metallic wires each also has its specific 
resistance for given lengths. These various actions are explained 
under the different heads; but let the actual cause or source of 
resistance be what it may, all may be expressed by any one, and the 
niost convenient is the measure of length of a wire of known resist- 
ance. Hence arose a great variety of units based upon any standard 
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which was at hand, such as a length of copper or silver wire of a 
given size. Of these arbitrary onits Siemens' is really the best, 
because based on mercury, a metal easily obtained pure ; it is one 
metre in length of mercury in a glass tube one millunetre diameter 
at the freezing point of water. Yarle/s unit is a mile in length 
of No. 1 6 copper wire, but this is a very uncertain measure. 
Wheatstone used a copper wire, i foot of which weighed icx^ grains. 
The standard B. A. units or ohms are made of an alloy of platinum 
and silver, which changes its resistance very little with change of 
temperature, and copies are made in German silver wire by com- 
parison, without reference to actual length and size of wire ; any 
required resistance is obtained by multiplication ; but we must have 
an actual standard unit to start from. It cannot be too strongly 
impressed upon any one wishing to really understand electricity 
that he should obtain his measurements in this actual definite 
standard, and obtain or prepare such instruments as will be hereafter 
described. 

209. The following Table by Mr. Yarley gives a comprehensive 

view of the units. 

Table VIIL— B. A. Uottb. 





Unlt'8 
Name. 


Valne in 
KM. units. 


x«oQo.ooo units and 
value in £. M. units. 


z 


Subject. 


1,000,000 units and 
value In K M. units. 


ReslBtanoe .. .. 
Capacity 
Potential .. 
Quantity .. .. 


Ohm 
Farad 

Volt 
Veber 


107 

10-^ 

lOS 
lO-a 


Megohm = 10*3 

* « 
• • 


Micro&rad io-»3 

• • 

Micioveber io~^ 



Veber = 



Volt 



10' 



Microveber = 



Ohm 10^ 
Volt 



= 10 



-2 



10' 



Farad = 



Megohm 
Veber 10 
Volt "^ To^ 



10 



13 



= 10 



-8 



-2 



= 10 



-7 



MicrofiEirad = 



Microveber io~^ 



Volt 



10 



r= " 



-13 



The microfarad here represents what is usuaUy called the fsirad. 

For the sake of those who may not understand these formuhe it 
may be well to say that the small figures mean the several 
"powers," or repeated multiplication by the main figure, this 
being here 10, it may be shortly said that the expressions mean i 
followed by as many o's as ^e small figure shows. Thus 10' 
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means 10,000,000 (ton miUioo) ; the negative sign places the oa, 
leas one o, before the i, thus lo"' is -oi (one hundredth). The 
index figures in fact mean that the jirjndpal figure is multiplied, 
or if -, divided, once less than the index ; they repreeent what are 
called the powers of the numbers, or if negative, their roots. 

2IO, Eebibtance Mkabubkb.— These for use as weights in ordi- 
nary weighing, by comparing tho unknown resistance against a 
known one capable of variation, § 214, are made in many forms, 
and most electrical works give descriptions and drawings of the 
earliest satis&ctory instnimentB, Wheatstone's Rheostats, made in 
two forms for high and small resistance. The first consists of two 
cylinders, mounted on a stand, and provided with handles for 
winding them : the one is brass ; the other wood, with a screw 
thread cut in it ; a fine brass wire connects them, so that any 
length of it may bo wound into the screw thread, and thus have 
its turns kept separate. The length thus wound on the wood 
cylinder measniea the resistance. A great source of imperfection 
is that as the metal tarnishes, perfect contact with the brass 
cylinder is impossible, and the resistance thus varies. The wire, 
&c., should be well gilt to avoid this. The same remark applies 
to the other instrument, whitJi, however, is much more useful thwi 
the first, if this precaution be taken to ensure the perfect cleanli- 
ness of snrfaces. 

Wheatglone's Sheoatat.—A wooden cylinder, about 10 m. by 
3 in., rig. 50, has the wire (German silver gilt) wound upon it, 
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either in a shallow groove, or with a separating oord cemented to 
the wood, in sndi a manner that the wire itself forms a complete 
projecting screw thread from end to end. ' Stout brass arbors are 
eecnred to the cylinder, and to one of them tho conunencement of 
the wire is connected by a stout copper strip, the other end of the 
wire being fixed to the wood itself. The cylinder is then mounted 
on a stand, and provided with a winch handle to turn it. The 
stand may be of wood, and upon its frame is fixed a stout gilt 
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oopper rod parallel to the middle of the cylinder. This rod 
oarries a traveller made of a short pieoe of well-fittmg tube, 
fitted with a wheel grooved to take the wire ; this wheel works in 
the screw thread formed by the wire, and the cylinder revolving 
moves it along the rod, thus including in its circuit varioitg 
lengths of the wires. One binding screw is connected by a stout 
spring to the first avbor of the cylinder, and so through the wire 
and traveller to the rod, the end of which is connected by a stent 
strip of copper to the other terminal binding screw. 

Of course there is a fixed resistance here independent of the 
length of wire, and the great defect of the instrument is the ten- 
dency of this portion to vary by accidental obstacles, dirt,' &c^ 
at the various points of contact. The greatest objection, however, 
is that it is arbitrary as to measure ; it gives by reading on the 
bar, or on a scale, the number of turns of wire included, and by a 
pointer on the end the portions of a turn, but it would be difficult 
to make these divisions coincide exactly with those of a definite 
standard, such as the ohm. This may be overcome by ascer- 
taining exactly what length of the wire equals one ohm, and then 
arranging a table giving the corresponding divisions. By carefol 
adjustment of the diameter of the cylinder to the length of a wire 
of known resistance a very near approximation might, however, be 
obtained ; thus, suppose a wire of about i8 gauge, ^hen gilt, gave 
20 ft. for one unit, by turning the cylinder so that it exactly 
received i ft. per turn, each turn would represent '05 of a unit, 
and by marking the circle on the end in five divisions, each 
marked in ten, would divide the unit into 1000 divisions, the larger 
divisions being marked on the bar, or by means of proper wheels 
and another hand, upon the end plate. In this ca^ one unit or 
ohm would occupy about 3 in. or 4 in. in length of the cylinder, 
but of course an instrument might also be made with much finer 
wire, and thus include considerable resistance. 

A modification, enabling the instrument to measure electro- 
motive force, is shown § 270. 

211. Besistanob Coils. — These are easily made up to any 
resistance. They are commonly mounted up in sets, giving 1000, 
10,000, or 100,000 units, and are very expensive instruments. 
The usual plan is to make up coils corresponding to the required 
divisions, and ccmnect the several terminals to massive blocks of 
brass arranged nearly in contact, so that a hole bored at the junc- 
tion will connect the adjoining blocks when filled up by a metallic 

plug. 

Fig. 5 1 shows this mode of connection, which is very largely 
employed in electrical instruments, telegraphs, &c., and by due 
arrangement of blocks gives the power of arrangement of circuit 
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in the many instrnments known as oommutatorB, switclies, slinntSi 
&G. When the plugs are inserted, the circuit passes through 
them and there is no resistance; by re- 
moving a plug the current has to pass ^^®' ^1* 
through the wire, whose ends are con- 
nected to the two blocks. These blocks 
are commonly screwed upon a plate of 
ebonite o^ wood, &c., standing above it : 
this has the disadvantage of allowing dust, 
&c., to collect ; they should either be simk 
into ebonite, which could be done before 
this- is hardened, or else all the spaces 
should be filled up with pieces, so as to leave a smooth surface 
with no openings but the plug-holes. 

To reduce the number of tiiese connections, it is usual to make 
up the coils on the same principle that chemical weights are 
divided, viz., i, 2, 3, 6, as by combination of these, 10, or any of 
its subdivisions, may be obtained ; in other cases the combination 
of I, 2, 3, 4 is used. These combinations have the advantage of 
requiring only four reels and four adjustments to each decimal 
series ; they are therefore cheaper to make in a large way ; but 
they are more troublesome to use than instruments with complete 
decimal sets as described below, as they require more arrangement 
of the resistances, and they are more conducive to mistakes as they 
necessitate the adding together all the resistances opened. In 
these instruments there is a complete wire circuit all through the 
instrument, and the plugs " short circuit," or shut off so much of 
the wire as may not be required. In the next form, on the con- 
trary, there is no through wire, but such lengths as are required 
are thrown into circuit by a single connection for each decimal set. 
212. Decimal Bbsistanoe Instbument. — Consideration of the 
Tarious advantages and evils of these instruments, both in prin- 
ciple and convenience of construction by amateurs, led me to 
devise an arrangement, which — ^writing as I do expressly to 
aid those who wish to construct instruments for themselves, and 
with the desire to furnish not merely a rechauffe of the scores of 
electrical books which are copied from each other, but the result 
of actual thought and experiment, whether in new or old ground — 
1 will now describe. In giving its mode of construction I shall 
endeavour to furnish such practical observations as my own expe- 
rience indicates may obviate difficulties likely to arise in the 
construction of instruments. The instrument described gives 
resistances varying from JCX50 ohms to i-iooo, but for conve- 
nience of making and facility of reading, the cdements are not 
distributed as described in last Section, but in regular decimal sets 
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of nine exactly similar parts, the terminal connections arranged as 
in Fig. 52, which represents one decimal set for any divisioiu 
Each small circle represents a connection, § 213. C, the centre 
connection, leads either to the next series or in the last to the 
terminal screw. A glance will now show that the current enters 
at + which is connected to ; if this is connected to C, the circuit 
passes direct from this to the next series, while if C is connected 
to any of the nnmhered studs, just so many divisions of resistance 
are included in the circuit. 

Fig. 52. 




Fig. 53. 




Fig. 53 will now show the complete arrangement: the upper 
sets represent whole numbers of units, the lower sets the decimal 



MEASUBEMENT. 161 

divisions, all arranged in the nsoal mode of placing figures. The 
resistance as it is shown, therefore, reads off 865 * 107 units. 
The dotted lines represent the fixed connections, and the path of 
ike current may thus be readily traced through the diagram. 

213. CoNSTBUCTioN OP Resistanob Instbitment. — (i) Confiec- 
ti(m8. These may be made like Fig. 51, only composed of a circulaf 
block surrounded by a ring of segmental blocks with the necessary 
holes to connect each segment to the centre. 

They may be a central pillar with a spring traversing over a ring 
of studs or segmental blocks ; the spring should be wide enough to 
pass from stud to stud without break of circuit. This plan is very 
quick and handy in use, but is only suited to large resistances ; 
the Tarying pressure of the spring, the coating of the studs with 
dnst or smoke, makes a great difference in the contact resistances. 
If employed, the spring should press strongly, and all the faces be 
well gilt. The best plan, but troublesome in some respects, is to 
use mercury cups, connected together by a bridge of stout copper 
wire. The cups are easily made by using for the top a thick piece 
of wood (say i^in.) and boring holes through, and filling the lower 
half of the holes with a copper rod or screw, the end of which, as 
also, of the links^ should be first well amalgamated. Brass screws 
will not do, as the mercury wonld penetrate them, and iron is 
objectionable, both for its resistance and as being likely to disturb 
neighbouring galvanometers. The ends of the screws which pro- 
ject through the wood should be first tinned, ready for soldering 
the wires to them. Another plan for mercury cups is shown § 179. 

(2) The coils. The wire is usually laid upon reels ; these may 
he of cast brass with a projecting end screwed to go into the blocks, 
in which case one end of tibe wire is soldered to the reel. If mer- 
cury cups are used, and the instrument cannot be turned over, it is 
better to arrange short coils horizontally, instead of longer vertical 
ones; fix to the middle line of the lower side of the top, a ver- 
tical board from which the proper number of rods project, and slip 
the reels on these. From each of the copper screws of the cups 
bring out to the side of the top two stout German silver wires, all 
arranged in order along the edge, and use these for connecting the 
ends of the coil wires to when mounting. The adjustment can then 
be made conveniently as the instrument stands, the coils being all 
accessible and removable. The wire, cut in lengths a little in 
excess of the resistance required, is doubled and laid so upon the 
reel ; this avoids any induction in the wires, as the current is every- 
where reversed, and it also prevents the coils from acting as magnets 
npon neighbouring galvanometers. The two ends are to be left out 
for connection, and in fine wires it is desirable to join a stouter wire 
on them to reduce risk of breaking just outside the coils. If pre- 
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ferred, the middle of the wire may be within the coils, so that the 
two ends are outward and accessible. 

It is not necessary to lay the wire on reels ; it may be donbled 
and rolled up in small coils if preferred ; this has an advantage, in 
that it exposes more surface, and the heat of the current can escape 
more freely. 

(3) The wires. These should be German silver ; it is usually 
silk-covered, but cotton is equally good. It is desirable to saturate 
the covering with paraffin, by baking thoroughly dry and dipping 
while hot into melted parafi&n. This can be done either before or 
after laying on reela German silver wire varies very mucli in 
resistance, according to the amount of nickel in it. Of two wires 
of exactly the same gauge. No. 26, 8 ft. of the best balanced, 11 ft. 
6 in. of ike commoner. The following are about the lengths of 
I ohm. 

No. Weight in grains 

per foot. 

18 48-6 

20 23'6 

24 I2'6 

26 7*9 

29 4-13 

34 I "44 

It is, however, quite useless to measure lengths of wire, if any 
accuracy is desired, because the resistance varies in each length 
owing to slight variations in thickness, and still more to slight 
changes of quality, and the finer the wire the greater this variation. 
Thus, in No. 18 two trials differed only a quarter inch ; iu No. 34 
many trials gave results varying from 6 * 4 in. to 7 * 2 in. It is useless 
also to adjust wires before winding, as the strain upon them alters 
their size very slightly, and so affects the resistance, and this the 
more if, as should be done, the softest possible wires are used. 

The size of wire is to be selected according to the purpose of the 
instrument. If it is to be used as an actual resistance for varying 
currents (and such an instrument is an essential) large wires mnst 
be used, to avoid the effects of heating by the current ; if it is 
required only for measuring resistances with the bridge, as only 
small and momentary currents pass, fine wires may be employed. 
The following sizes are suitable : 



Ohm. 
ft. in. 
25 

3-7 
1-6 

II-8 



18 

9 
3 



I 
I 

o 



1-9 

6-6 



Single ohms 


No. 18. 


21 


100 ohms 


*.. No. 25. 


34 


10 ohms .. 


. . „ 20. 


29 


1000 „ . . 


„ 3 ^• 


40 



Decimal sets need not be all of one-sized wire ; the larger sizes 
may be used for the first coils, and finer as the resistance rises. 
(4) Adjustment. This is effected on the principles described. 
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§ 2i8, by balancing against a standard. The ends of wire left for 
adjustment are well cleaned, and shortened by crossing in contact 
till closely correct, when they should be twisted together and soldered, 
and the twisting and soldering continued until it exactly equals 
the standard. The following is a more perfect plan, the result of 
many experiments. Having by mere contact, as before, ascertained 
closely the proper length, slide upon the two ends (first tinning 
them with the soldering iron) a short piece of brass tube, also 
tinned,* and press it together so as to grip the wires firmly. Slide 
the wire ends through this, watching the galvanometer till the 
resistance shows closely right, or a trifle too 
small ; then touch the joint with a soldering- Fig. 54. 

iron to secure it, and allow it to cool com- 
pletely. The final adjustment is to be made 
very carefully, by lightly filing away the joint 
so as to lengUien the wires, or the wires them- 
selves, so as to increase the resistance until it is 
correct. With fine wires, it is well to join on 
stouter ends for this adjustment. When adjusted, the coils sus- 
pended from the top can be inserted into a case, which is to be 
secured by a few screws to the top, and forms the stand of the 
instrument. For further details of construction, see § 218. 

(5) Subdivisions of an ohm, — These may, for ordinary purposes, 
be made by simple division of a length. Take i ohm in No. 16 
German silver wire ; measure carefully into 10 parts, and at each 
division solder a copper wire, to be taken as close up as possible 
to its connection. A copper or brass wire. No. 1 8, may be balanced 
against one of these tenths, and so furnish hundredths in like 
manner, and a length of No. 10 will give thousandths. The sub- 
divisions may also be balanced singly by a standard ohm, using tho 
multiplying ratios of the Wheatstone bridge. 

(6) The fixed resistance. — The permanent connections should be 
made with very stout copper, the whole of the connections arranged 
for short circuit (that is from o to C), and this fixed resistance 
measured, and added in calculations to the resistance shown. For 
Tise with the bridge it is well to use a pair of conductors in the 
proper opening, and to balance against tiiese and the fixed resist- 
ance, a length of wire which, being cut in two, is to be used to con- 
nect any resistance to the measure ; then all but the actual resist- 
ance shown is neutralized, unless multiplying ratios are employed. 

214. Meastjbino Besistanoes. — Electric resistances may be 
measured in several manners by comparing them with other resist- 
ances of known amount, but the processes resolve themselves into 

* This tinning is best done by boiling in a tin vessel with a solution of caustic 
soda, adding a little oxide of tin (putty powder) and some granulated tin. 
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two principles: (i) The comparing of currents produced against 
the resistances. (2) The comparing the tensions set up within the 
resistances. The first system may be applied : (i) By Ohm's laws, 
calculating the resistance from the known electromotive force and 
current. (2) By observing, with given battery conditions the cur- 
rent produced, by n^eans of a deflection upon a galvanometer ; then 
replacing the resistances to be measured by a set of measured 
resistances, and altering these until the same deflection is obtained. 
(3) By a differential galvanometer, as described § 182. This pro- 
cess depends upon the laws of derived circuits, and directly balances 
the currents themselves against each other. 

The second principle, that of comparing tensions purely, without 
any reference to the currents passing, is that of the Wheatstone 
bridge, so called because a cross contact is produced between two 
points of equal and similar tension. It is also, and more appro- 
priately, called " the balance," because that connection does as truly 
balance the tensions. against each other as the weighing balance 
does the earth's attraction, or relative tensions, upon bodies on its 
opposite arms. It is also called " the parallelogram," because it 
forms a parallelogram of forces. 

The principle and the use of the instrument is extremely simple ; 
but in all the books where an explanation is attempted, it is made 
a very mysterious subject by being buried under two or three pages 
of algebraic formulsB, which make most people imagine that it is 
hopeless to try to understand it. The fact is, that the principle is 
a mere Eule-of-Three sum applied to the simple laws of derived 
circuits and to the distribution of electric tension in a circuit. I 
will state these as simply as possible, and then show how they 
are applied. 

The law of derived circuits, § 238, is that the current will divide 
itself among among all the branches in proportions exactly the 
opposite of those of their resistances, i. e., in the inverse ratio of 
the several resistances. 

215. The distribution of tension is equally simple, if we clearly 
distinguish between electromotive force and tension, with their rela- 
tion to current. Electromotive force is the initial or exciting cause, 
be it what it may, which sets up tension ; it is located at the point or 
points where energy takes the form of electricity. For our present 
purpose we may regard it as existing at the surface of the zinc plate 
in the liquid of a galvanic cell, and nowhere else. To think of 
electromotive force as existing in the wires, only causes confusion. 
But electromotive force sets up tension, or a molecular strain, 
throughout the whole circuit, and distributes it over the circuit in 
exact proportion to the resistances. This applies equally to the 
whole circuit or to any part of it. Now tension may be, and com- 
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monly is, regarded as single, and reckoned " above earth or zero," 
but it is better to make our notions accord with facts. 

Wherever we open our circuit, we find a positive and negative 

condition, a + and — pole of equal and opposite tension, these 

being simply the opposite faces of the particles in the circuit ; just 

as a magnet is built up of innumerable particles, having each a N. 

and S« face, all arranged in polar order, so is the circuit built up of 

polarized particles having opposite faces, which we may call -f- and 

— . It is, therefore, far better to think of tension as twofold, as 

r representing the opposite strains or tensions of these particles. 

Fig. 55 presents this view, and shows how the force is distributed. 

A B is the circuit (which is regarded as a resistance divided into 

10 equal parts), starting from the face* of the liquid A C, in 

contact with the zinc, and returning through the negative plate 

(which may be anywhere according to relative resistances) and the 

outer circuit to the zinc plate, B D. Treating the electromotive 

force as a unit, and calling its value lo, we have a + and ^ tension, 

each 5, or a difference of tensions of lo, equal at the point of origiu 

to the electromotive force, and drawn to the same scale as the 

resistance. The line C D is, therefore, the line of distribution of 

tension, which is likewise divided into lO equal parts, vertical lines 

from which show the tension existing in any parts of the circuit. 

Thus from any points on the line of tensions C D, lines to the line 

of resistance A B will cut off a resistance equal in proportion to 

the sum of + and — tensions included in the intermediate resistance^ 

and acting to set up current in that resistance. 

Now let it be remembered that the actual values of the force and 
tensions, or resistance, are of no consequence. Let them all be 
great or all small, or one small and the other great, these ratios or 
^(/portions will hold good. 

As yet we have regarded Fig. 55 as representing a whole circuit 
and force, but it applies equaUy to any fraction of a circuit. 
Eemembering the £stinction made between electromotive force 
and tension, yet if we take any portion of a circuit and ascertain 
the difference of tensions existing at the two extremities of that 
portion, we may regard that difference of tensions as the electro- 
motive force operating within that portion. Let A B be only a 
tenth part of the circuit, then if the same unit electromotive force 
is considered to be acting, the actual difference of tensions 
constituting the force within this section of the circuit will be only 
I (equal to one-tenth of the acting electromotive force) instead 
of 10, but its proportionate distribution over the included resistance 
will remain unaltered. 

But farther, these same conditions apply equally if A B, this 
portion of a circuit, instead of being a single path, be two or many. 
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the total current will divide itself among the paths in the inverse 
ratio of their resistances, no matter how these differ, and the tension 



Fig. 55. 




will be distributed in each circuit over that resistance in propor- 
tionate ratio. To show this, it is more convenient to treat the 
difference of tensions as single, instead of a compound of + and -, 
especially as this gives us conditions which enable us to compare 
electric tension with the pressure of water. 

Fig. 56 represents a two-branch circuit with the several tensions, 
but these are not, as before, on the same scale as the resistance, bat 
merely proportional. Let us first regard the lines A B, a &, as 
vertical pipes, connected to the same reservoir of water at an 
elevation which produces a final pressure B C, & c equal in both. 
Now dividing the lines of height and those of pressure, each into 
10 parts, or, what is the same thing, dividing AC, a c equally, we 
get lines which represent the pressure existing at each level of the 
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pipes ; but, lei us now suppose that one of these pipes, instead of 
being straight, goes from a to c, or that it goes to any distance 
away which shall lengthen its pal^ to the level, or let it follow the 
dotted line between the sections ; still in each proportion of length 
corresponding to the level of the vertical pipe A B, there will be 
exactly the same pressures in A B, a &, and a c. The consequence 
of this would be that at any such level or line of equal pressure 
we might make a cross--connecting pipe between A B and the other 
pipe, and there would be no tendency for water to pass across, and 
if the connection contained air, it could not escape ; this would not 
be due merely to there being no action in the cross-pipe, for there 
would be action — the air in it would be subjected to an equal but 
opposite pressure from both sides, and would be compressed, and 
could not escape, even though the water were rushing through the 
pipes, provided the conditions were all fulfilled. But let a 
comiection be made between, say, 2 in A B, and 5 in a &, and then 
the contained air would be pressed up towards A, and when water 
was flowing, some would pass along the connection. 

The analogy holds when we consider A B, a 6, to be two electric 
circuits, branching from one conductor at A a, and B h ; the pro- 
portionate tension is the same at every equal proportional part of 
the resistance, and at such points connections may be made, and 
there will be no tendency for electricity to pass across the connec- 
tion, because, although there will be such a tendency at each point, 
it will be met by an equal but opposite tendency at the other end 
of the cross-connection. This will, therefore be in the condition 
of a magnet, with consequent poles in its middle. A galvanometer 
in this cross-connection will show no current passing ; an electro- 
meter would evidence no conditions of change. This wIQ hold true, 
though the one resistance be a thousand times as great as the other ; 
still, at the definite proportional points, equal tensions exist, and no 
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current can pass across. Fig. 57 shows the lines of Fig. 56, 
arranged thus as derived circuits, forming part of a main circuit 
from a battery. 
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2 1 6. The Whbatstone Bridge, Fig. 58, explains how these 
principles are applied in the ordinary bridge. 

The battery wires are led to the two screws from which the two 
branch circuits + B E A — and + D F C — start, + and — being 

points of equal tensions for both circuits. 
Fig. 58. E and F are fixed points in either circuit 

connected to a galvanometer, which indi- 
^^^tv,^ X. cates a current passing as long as E and F 

^CF U3 x^ are not made to be of equal tension; it 
y^ /TN ^^^^"^ ^^^ show no action when they are of equal 
\q l1 <j^ tension, and the conditions of balance ful- 
^ oisTlx^^ filled. There are thus four branches pro- 

P duced, and in each is an opening, made for 

the purpose of introducing such resistances 
as will fulfil the conditions of balance, those conditions being that 
the four branches shall hold among themselves the relations of the 
elements of a Rule-of-Three sum ; as long as they do this the 
relations may be varied to suit each case. Let us call the resist- 
ance in each branch by the letter placed in its opening. Then 

1, As B is to D so is A to C. 

2. As B „ A „ D „ C. 

Assuming G to be the resistance to be measured, the others being 
known, the rule gives its amount by two methods of arrangement ; 
the resistance coils may be placed in A or in D, and shifted till 
balance is made. Then if the resistances of the other two are 
equal, the resistance to be measured is the same as that shown in 
the coil ; if they hold a known proportion, such as i to 2 or i to 10, 
<&c., the resistance, is either to be multiplied or divided by that 
ratio as required. 

It is convenient to treat one of the branches as the unknown 
value to be measured and C will be so used, but the law may be 
generalized. The resistance in (C) is to that on either side of it, as 
that on the other side of it is to the fourth, and reversing this 
expression puts it into the ^ordinary £ule-of-Three sum 

A D 
B : p •'• j^ • • ^ *8 above. 

Fig. 59 shows that we have thus four arrangements at disposal : 

1. Equal branches and equal circuits. 

2. Unequal branches and equal circuits. 

3. Equal branches and unequal circuits. 

4. Unequal branches and unequal circuits. 
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These figures show that i is analogous to the ordinary weighing 
balance, and 2 to the ordinary steelyard ; they show also by 
inspection which condition is the best, for 
throughout all nature it will be found that ^'^- ^^• 

relations which can be expressed sym- 
metrically are superior to those which are 
irregular. No. i is the best, and it will 
always be found that measurements made 
with all four branches alike are most 
accurate. No. 2 is next. These are liable 
only to actual errors of instruments or 
observations, but in 3 and 4 those errors 
are multiplied by whateyer ratio is em- 
ployed. 

The galvanometer should be one of a resistance also approxi- 
mating that to be measured, but very sensitive, the needle closely* 
astatic and suspended by a long fibre. Of course, this element is 
not susceptible of much alteration, but for small resistances a good 
ordinary astatic galvanometer is best; for large resistances the 
Thomson's reflector is best suited. The law for arrangement of 
the galvanometer resistance is that it should equal the joint 
resistances on either side of it ; but the best use of this law is to 
show with a given galvanometer what is the most sensitive arrange- 
ment of the three fixed branches. There should be, as shown Fig. 5 8, 
a commutator in the galvanometer connection, in order to prevent 
the needle from being thrown about by alterations in the branches ; 
it also enables us to make contacts in time with the rate of swing 
of the needle and thus either to keep on increasing this swing, and 
so get a noticeable deflection, or by opposing the vibrations, to 
bring the needle quickly to rest. This commutator has also the 
effect of allowing any inductive actions (which for the instant act 
as resistances) to be completed while the galvanometer is not in 
circoit, and so prevent its being disturbed by them. There should 
alfio be a commutator in the battery circuit, so as to allow current 
to pass only just when needed, and thus avoid heating the wires. 
For a similar reason, as well as for economy, as small battery power 
&5 possible should be used ; for all small resistances, one or two 
cells of a good battery will suffice, but larger resistances, of course, 
require more, in order to set up a sufficient difference of tension in 
tbe wires to allow a small range of resistance to send a current 
through the galvanometer. As only momentary currents are needed, 
a good manganese cell or two will answer, but an ordinary Bunsen 
form, charged with bichromate of potash solution and sulphurio 
acid, in place of the usual nitric acid, is stronger.* 

Fig. 58 is necessary to make the principle of construction clear. 
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but the actual inBtrnment need not tctke that form at all ; so long 
OS the two circuits are properly provided, their connections loay l:^ 
arranged in on; way : in fact it is hotter not to have the galvano- 
meter standing upon the bridge, but separate, so as not to be ahaben. 
Thus a board 6 in. x 3 in. and a dozen binding screws will make a 
bridge : a piece of atont Bbeet copper, 2 in. square, cut across 
diagonally, and holes drilled near each comer to pass binding 
screws throngh, will make the two ends, and two strips ^ in. long, 
each containing three binding screws, will make the middle portion 
of the two circuits. It is still more couTeuient not to set tite 
binding screws for + and — , E and F in their places, but to take 
connecting wires &om those points and lead them to a pair of 
screws at one end for the battery, and a pair at the other end for 
the galvanometer. A still more perfect arrangement is to lead one 
of each of these pairs of wires to a comroutator fixed on the stand, 
and &om there to the binding screw. The best commutator for 
this parpose is one which makes the two contacts successively with 
one toudi, as shown in Fig. 60. 




A block of ebonite' or dry wood is cnt with three steps, and upon 
each is secured a spring, having a stem passing through the block 
for a conductor ; on the faces of the upper two springs are soldered 
platinum contact pieces, and also on the lower face of 3, and the 
top of the stud forming the fourth connection ; insulating pieces of 
ebonite are cemented to the face of 2 and 3 to prevent contact : i 
and 3 form part of the circuit &om one of the battery binding screws 
to the + or — point of the bridge. 3 and 4 are in the same way 
part of the circuit iirom E or F to one of the galvanometer screws. 

We have thus an excellent skeleton of the bridge, which requires 
the moans of filling np the opeuinge A B D to complete it 1 one of 
these is, of course, a resistance coil, §§ 211-21J. For the other 
two openings we require simply two equal or proportional retdat- 
ances, which may be mere lengths of wire, but should he two 
properly fitted resistances, vaiiahle ae required. The best is a set 
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made exactly as described for the resistance instrument itself, 
containing i, 5, lo, 50, icx) oluns, and so on, as reqnired, which 
being made all continuous, require coils I9 4, 5, 40, 50, and so on, 
with the power of throwing the required length into circuit. The 
best plan is to combine all these resistances and the bridge in one 
instrument. 

217. Combined Bridge Ain> Besistanges. — Fig. 61 shows the 
ordinary post-office pattern arranged to act as a bridge. The 

Fig. 61. 




right-hand commutator is that of the cuiTent, from which it will 
be seen the circuit goes to the middle of the upper line, which is 
the two variable resistances (as in B D, Fig. 62), when the left- 
hand plug marked Inf. is removed. The resistances from D to E 
are the branch A, Fig. 58, and between C and £ the branch C, the 
resistance to be measured. The uses of the instrument are the 
same as that to be next described. When both Inf. plugs are in 
place the instrument can be used as a direct resistance throughout. 
Its relative advantages and defects are shown, § 211. 

218. Decimal Combined Bridoes. — Fig. 62 shows such an instru- 
ment, devised upon the principles of the resistance instrument 
§ 212. The lettering of the parts corresponds to that of Fig. 58, 
BO that it is easy to trace the connections and the manner in which 
they fulfil the conditions of the bridge, -f- and — are the binding 
screws for the battery wires, and their connection may be traced to 
4* within the instrument, and through the commutator to — at the 
other end, these being the points at which the real bridge (the 
derived circuits) commences. B and D are the two variable 
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iHuiues of each circuit, one of vhicb, D, is continued tlirosgli 
a,b,c,d, the resistanco meosnre rangiog fiom i ohm to id,oo3. 

Pin. (12. 




the othet branch goes direct to E, and ib then continned to B, 
which forms with — the connections for the reiiiBtance to he nten- 
snred, and thos constitntes the fourth branch The nentral points 
EtF are connected to the galvononiotci screws, one direct, the 
other through the contmtitator to g, which with E is the connection 
to the galvanometer. The instrnment is shown as arranged for ordi- 
nary measnrementB, as thongh measuring a resistance of i ohm ; 
by means of the multiplying ratios it would measure a million 
ohms or the thousandth of an ohm. It may also be employed as a 
direct resistance through B and — . 

In the diagram there are 9 coils to each set except the single 
ohms, it having been designed from the resistance instrmnent, 
S 212, which has three other sets for dividing the ohm to thon- 
eandthe, which sets can easily be added to this if desired. In the 
present instrument perhaps it would be an advantage to divide tbe 
drclea into .1 1 parts, so as to make each set a complete decimal 
unit without throwing any others into series. This is done with 
the single-ohm set, as otherwise there would always be some diffi- 
culty in making up even numbers, and there would be i ohm short 
of the 10,000. 

The mode of construction is identical in principle with that 
described, § 213 ; but the explanation is given here how to carry 
this into effect, so as to build up the complete instrument aconratelj 
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from a single standard ohm, where the maker has not another 
instrument to copy. A temporary bridge, such as is described, 
§ 216, is required, and at least four exactly similar wires as con- 
ductors for use in the openings A C ; two similar wires should be 
soldered to F and + within the instrument unless mercury cups or 
binding screws are inserted there, as these are the starting points 
of the various resistances. To avoid confusion in the letteriog, 
during the rest of this description the letters which relate to the 
temporary bridge will be enclosed in brackets. 

Connect the batterv and galvanometer to the bridge, and place 

the standard ohm in (A) with two wires of near an olun resistance, 

and as nearly as possible alike in (fi) and (D) ; and in (C) a wire, 

which make to balance the ohm. Now change the wires in (B) 

and (D) one for the other ; if they were exactly alike (A) and (C) 

should still balance ; if they do not, shorten one of the wires (B D) 

till balance is again produced, and ascertain the exact difference of 

length necessary for the purpose ; shorten the wire by half this 

length and readjust (C) ; now, if care has been taken, balance will 

be undisturbed when (BD) are again exchanged. In all cases 

this must be ensured before any reliance can be placed upon 

measures taken. Make in (C) two exactly similar ohm coils which 

should be terminated, not with binding screws, but with No. 10 

copper wire, to go into the screws of (B D), and ascertain as before, 

by exchanging, that they are exactly equal, as on this will depend 

the accuracy of the instrument ; they may be inoorrect ohms if it 

so happens, but they must he exactly alike. 

These being in (B D) connect the standard in (A) by two of the 
equal conducting wires, and by two others connect (C) to F and 
-f in the instrument, and adjust the coil of D i to one ohm exact, 
inserting the shiftin'g connection as shown. Then insert the con- 
necting wires from (C) in o and i of a, and adjust the first ohm 
coil, the two ends of which are soldered to those connections ; if 
mercury cups are used, this is done by amalgamating the ends of 
the conductors, and dipping them into the cups, or two of the 
conducting wires can have plugs on one end if plugs are used ; * if 
other connections are used, a copper wire should be attached to 
each long enough to be conveniently attached to and form part of 
the conductors. Eepeat this with each of the ten separate ohms, 
adjusting them one by one. 

Now disconnect the standard ohm and insert the two wires from 
(A) in 00-5 and those from (C) in + and F as before, and adjust 

* In this case it will be desirable to have holes bored tn the segmental blocks 
(corresponding to Fig. 51) forming the ring of connections, by which to make 
direct connection to each separate coil : screws may afterwards be passed through 
these holes to secure the blocks to the top of the instrument. 
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D 5. Then inclnding a o to 10 in (A) make in ^C) two approximate 
loohm coils. Place these in (B D) of the bridge, with the same 
precautions as before of exchanging and equsdizing them, and 
make a correct lo-ohm coil for use in (A) of the bridge. Using 
this as the standard ohm was nsed, go through exactly the same 
stages as before, and so adjust D 10, &i — 10, and D 50. When this 
is done, a and & together will furnish the basis for a icx>ohni coil 
allowing in the connecting wires for the extra resistance of the 
fixed connection between a and h, Gro through the same process 
with c and d till the whole 10,000 ohms is built up and those of 
D completed to such extent as is desired. The coils of B may be 
also adjusted at the same time, and in a similar manner with those 
of D, by using the E connection instead of F ; but it will be much 
better to balance them. direct by the instrument itself against those 
of D by connecting in turn in B — the standard, 10, 100, and loco 
ohm coils, and opening equal resistances in a, h, c, c2. The fixed 
connections shown in thick lines are secured to the lower face of 
the top, and as they form the closed circuit of no (measured) resis- 
tance from F to — , they should be of the stoutest copper convenient, 
such as No. 10 doubled, as this resistance is a source of inaccuracy 
with multiplying ratios. The connection between B and E is to be 
also of copper, and to exactly balance the other connection, by 
putting P — (the movable connections being all on of each set) 
in (A) of the bridge and E B in (C), and adjusting the length of 
this to balance. This should be done before adjusting the coils. 
If great accuracy is desired, this resistance should also be measured 
once for all, and a correction made for it in observations when a 
multiplying ratio is employed. If all is correct, with i ohm in E 
and — (connectionB in the ohm) and one ohm in B^ahcd ought 
to balance the ohm, or such multiples as D is set at, should be 
required ; which last is unlikely to be exactly realized by any one 
not well practised in adjusting. In each of the sets, care should be 
taken that any little residual errors should be alternately opposite, 
60 as to rectify each other as the resistance increases, instead of 
the error accumulating. While adjusting, the greatest care must 
be taken not to hold the wires in the hsuud, or to expose them to 
any unequal heat ; and when that is necessary, as in soldering, to 
allow them to cool perfectly, otherwise the resistance will be wrong. 
In using this, or, indeed, any form of bridge, it is desirable to 
make it a rule to always connect the battery and galvanometer in 
one way, so that the deflection at once tells whether the resistance 
is too great or too small. When exact balance cannot be obtained, 
as when part of an ohm is required, observe with a resistance too 
great and one too small the opposite deflections produced; the 
difference between them will show how much to allow. 
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219. The Bbitish Association Bbidoe. — This is a special form 
levised for adjusting units. It is proyided with a length of plati- 
lam iridium wire, with a scale and a moving clamp which corres- 
)onds to the point + in the previous figures; it, in fact, by slightly 
aoving on the wire, alters the relation of B and C, and serves the 
turpose of the plan described for correcting erroneous wires ; as 
ong as A and C are unequal the clamp has to be moved to one or 
»ther side, but when they are made equal, the clamp has to occupy 
he middle of the scale. A full description with drawings is given 
n the * Eeports of the Committee on Electric Standards.' 

There are also a great variety of forms made for different pur- 
poses, but the principle is alike in all. 

Condensers of known capacity may be used in the branches 
instead of the resistances, and an electrometer in place of the 
galvanometer ; but this plan is employed only in connection with 
long submarine cables. 
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CONDUCTIVITY AND RESISTANCE. 



2 20. These terms are the converse of each other, but there is 
this important difference — Resistance is absolute and measurable 
in standard or other definite units. Conductivity is only relative or 
abstract; though it is usually stated as relative to copper as a 
standard, still this is only relative as it fixes no dimensions. Con- 
ductivity can be ascertained only by ascertaining the actual resist- 
ance in a given case; then by calculating what would be the 
resistance of pure copper in like conditions, we obtain the relative 
conductivity of the substance examined. 

221. Specific Conductivity. — Under the same conditions of 
dimension, diflferent substances offer very different resistances; 
that is to say, each molecule requires the exertion of a definite force 
to break it up, and the action takes place quickly or slowly under 
equal force according to the specific pqwer of resistance. This is 
a pure matter of observation and experiment, and our most reliable 
authority is Mathiessen, from whose labours most of the inform- 
ation in Table. IX. is derived. Col. II. is the specific conductivity, 
silver being taken as a standard. 

Alloys usually have a higher resistance than that of the mean of 
their components, which appears to indicate that an actual chemical 
combination has occurred, not a mere mixture of the metals. This 
property even affords a means of classifying alloys as of these two 
orders; thus the alloys of tin and lead differ slightly from the 
mean, while that of tin and antimony has only ^V^^ ^^ ^^^ mean 
conductivity, indicating a much closer combination. Other physical 
properties attend this classification. 

Alloys are also affected by heat, as to their conductivity, dif- 
ferently from pure metals, which it will be seen renders some of 
them very useful. Particulars are given in Table IX., below the 
pure metals, of a few of the most useful alloys. As a consequence, 
ordinary commercial metals (which are always alloyed with foreign 
matters) have a higher resistance than pure metals, a fact of great 
importance as regards copper. 
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222. Habdness generally increases the resistance of metals; 
iihis shows that transmission of electricity depends npon molecular 
condition, for hardness is a state of stronger cohesion and rigidity, 
emd therefore of less freedom of motion ; annealing diminishes this 
strain, and allows a readier motion of the molecules among them- 
selves, and this also allows electricity to pass more freely. This 
LB shown in the table. As time and the passage of electric 
current produce a softening effect, it is important to use soft 
wires in instruments whose resistance is to be constant, and 
wherever it is required to be low, as in galvanometers. Soft wire 
is also much more easily arranged. 

223. Conductivity and Heat. — As a rule, the conductivity of 
metals varies in the same manner for both forces — a very strong 
indication that the modes of transmission are similar, and that the 
forces are of similar nature. 

Variation of temperature has a remarkable influence on the con- 
ductivity of bodies. As a rule, the resistance of liquids diminishes 
as the temperature rises, while that of metals increases. A glance 
at Colranns IV., V., and VIII. of Table IX. shows that the influence 
on pure metals is nearly uniform, not as regards their actual, but 
their relative resistance. Thus, whether a metal have a high or 
low specific resistance, that resistance increases in almost exactly 
the same ratio — ^for instance, bismuth and copper (Column V.) — 
and it is very probable that slight differences shown are really due 
to some impurity in the metals, which are not readily obtained in 
perfect purity. Column VIII. is taken from Fleeming Jenkin, as 
also VI. and VII. 

Mercury, however, is an exception, owing to its liquid condition, 
no donbt; and its slight variation is an additional element of 
advantage in tteating it as a standard for units. 

Bnt alloys differ from pure metals in being much less affected by 
change of temperature, which, together with their greater resistance, 
renders them suitable for measures. 

As the current itself heats the wire, the resistance varies from 
this canse just as though the heat were external ; and it is important, 
therefore, in measuring resistances to use a low power. The mode 
of correction for the effect of temperature is given in § 229. 

224. Laws of Ebsistanoe. — In a conductor of uniform quality 
and form, resistance varies directly as the length ; for, if we double 
the length, we double the number of molecules to be acted on. It 
varies inversely as the sectional area; for if we double this, we 
double the number of molecular chains which offer a path. This 
latter fact may be variously expressed, it may be said to vary 
inversely as the weight in a given length, for this increases as the 
section does, or we may say it varies as the square of the diameter 

N 
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of the conductor, for the sectional area increases as the squares of 
the diameters. 

These laws apply to all conductors, liquid or solid, but it is to 
wires that their application is most direct and important. 



Table IX.— CoNDUonviTY and Resistance op Metals.* 



I. 



Idetals Pore. 



Aluminum . . 

Antimony 

Arsenic 

Bismuth 

Cadmium 

Cobalt . . 

Copper, hard 

„ soft .. 
Gold .. .. 
Iron, hard . . 

,j soft 
Lead 
Mercury 
Nickel . . 
Platinum, soft 
Silver, hard .. 

„ soft . . 
Thallium 
Tin .. .. 
Zinc, pressed 



ir. 

Silver at 
320=100. 



Alloys, 

Brass .. .. about 
German silver „ 
tl Silver, 2 Platinum 
1 Silver, 2 Gold . . 
Steel . . about 
Graphite 



33-76 
4*62 

4-76 

1*25 

23-72 

17*22 

99*95 

• • 

77-96 
i6-8f 

• • 

8-32 

1*63 

I3'ii 

18-03 

IOC 

108-57 

9-16 

12-36 

29-02 



20* 

i2-toi6 



i6- 
0-69 



IIL 

Relative 
resistance. 



2-96 
21-65 
21-OI 

80-00 
4-21 

58-07 
I- 00 

• • 

1-28 
5*95 

12-02 

6r-35 

7*63 

5'55 
I- 

0-92 

10-92 

8-09 

3*44 



5* 

6-to8 



6-to25 
145' 



IV. V. 

Loss of C. at 212° 
compared with 32° 
aciual. per cent. 



VI. VII. Vill. 

Pesistance at 32° Yarn- 

Fahr. of 1 ft. of wire tion pt-r 



weighing 
1 grain. 



of I mil 
diameter 



70*54 
69-88 
70-51 
70-70 

• • 

70-31 

71-70 

70-39 

71-56 

68-58 
70-11 
71-23 



29-46 
30'12 

29-69 
29-30 

• • 

29-69 

• • 

28-30 
29-61 

28-44 

f 

m m 

31*42 
29*89 
28-77 



•1085 
3-456 

• • 

18-64 



•2106 
•2064 

•5849 

• • 

1*097 
3-236 

18-720 

1*535 

2*8lO 

•2421 
-2214 

• • 

1-396 

-5831 



2*652 

4*243 
2-391 



17-72 
2i6*oo 

798- 



9-940 

9-718 

12*52 

59" 10 
119-39 

578*6 

75*78 
55-09 

9-936 

9-151 

80 •'36 
34-22 



127-32 

148-35 
66 -lo 



cent, for 

I lO Fahr 



■216 



196 






*l5 

•2c: 



•215 

•04-0 



•209 



•202 
•202 



•024 
•017 
•036 



* From recent experiments it would seem that light has an effect upon conductivity in soiDe asa. 
but it has been obwTved only with selenium. Lieutenant Sale gives the following figures as tbt 
resistance of a bar of selenium in darkness, and under different parts of the spectrum : 



In darkness 3^0,000 

violet 279,000 

red 255.700 

orange 277,000 

t B A standard units are made of this alloy. 



In green 

blue 

diffused daylight 
bright sunlight . 



278,000 
279/xx> 
270,000 
165,000 



225. Wires and their Properties. — It is essential to those 
using, and still more so to those making, electrical instruments to 
obtain thorough information as to the properties of wires, especially 
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of copper. To this end many of the published books contain tables 
and a collection of formulad ; but anyone who tries will find that it 
is impossible to obtain concordant results from, the various formulse. 
A similar difficulty arises in practice. Wire is usually bought by 
Birmingham wire-gauge. Here is, however, a name without an 
object belonging to it ; for no human being can tell what the 
Birmingham wire-gauge is, and diflferent dealers will differ two or 
three sizes, while, in the finer wires, it is a mere chance what will 
be obtained for any gauge asked for. 

When gauges are mentioned in this work, the size meant is that ' 
given in Col. I. of Table II., which are those given in Culley's 
work, these being commonly accepted among electricians. The 
remedy for this confusion is to abandon the gauges altogether, and 
fall back upon definite principles, of which there are two available 
(i), the measured diameter of wires; (2), the weight in a given 
length. This latter is already employed on the large scale, as in 
contracts for telegraphic purposes. All who wish to work satisfac- 
torily should adopt one of these plans, and purchase their wires, not 
by ganges, but by definite measured diameters, or by their weight 
in a given length, such as per foot or yard. 

k showing how to apply these principles and in the formula for 
the purpose logarithms are used, because this is the simplest mode 
of calculation, as well as the most accurate, rapid, and least 
fatiguing to the brain; their use cannot be too strongly recom- 
mended to those who have to make many calculations of any kind. 
The examples and formulse having their decimal values given as 
nsnal can be worked out in the ordinary manner by those who 
prefer to do so. 

226. For electrical purposes, in addition to the ordinary com- 
mercial considerations of weight, length, and strength, we must 
include electric resistance, the laws of which are given in § 224, so 
that if we fix upon a definite unit, which includes weight, length, 
and resistance, all considerations are resolved into mere multiples 
of that unit. 

Although we may buy and speak of wires by their diameters, this 
principle means that we should think, not of their diameters, but of 
their sectional area, which varies in the ratio of the square of the 
diameter ; we must, in fact, regard the wires, not as single cylinders, 
but as though they were built up of a series of parallel unit 
cylinders of definite properties. Of course, the metric measures 
would furnish the best system, but as this is practically out of the 
question, the best plan available is to take for the unit of measure 
the one-thousandth of an inch, already frequently so used, and 
called a " mil." Since wires are round, and the areas of circles 
increase as the squares of the diameters, we should regard the 

N 2 
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<< mil *' as a oiionlar wire. Then, by squaring the diameter in 
^ mils " of any wire, we obtain direct its area in circular mils, — 
that is to say, the nmnber of unit wires to which it is equiyalent. 
To make the unit complete, its length must be defined, and the foot 
is the most convenient measure. But as in electricity we require 
to include in our unit electric resistance as well as the weight, &&, 
it is still more conyenient and generally useful to make weight, 
rather than diameter, the basis of the unit and the most generally 
useful unit would appear to be a wire, i foot long, weighing i grain. 
By ascertaining the relation of this, for each metal, to the general 
circular mil foot, eyery necessary calculation can be readily effected. 
This relation is given as nearly as present knowledge allows in 
Cols. VI. and VII. of Table IX., p. 178. 

A wire is simply a cylinder occupying a certain measurement of 
space; the weight of the cylinder will depend upon the specific 
grayity of the material which fills the space. 

A cubic inch of water weighs 252 * 456 gr., and this multiplied by 
1 2 and by * 7854 gives us the weight of a circular inch-ibot of water ; 
and that multiplied by the specific gravity of any metal gives the 
weight of a circular inch-foot of that metal, and thus the datum for all 
required calculations. I will work this out in logarithms, taking, 
as the basis, copper, specific gravity 8*9, this being the average 
specific gravity of good copper wirer 

Cubic inch of water 252*456 . . 2'402i857 

12 in. perfect 1*0791812 

• 7854, ratio of circle to square ""i • 8950909 

Circular inch-foot of water . . 3 '3764578 = 2379*3 
Specific gravity of copper, 8*9 o • 9493900 

Circular inch-foot of copper .. 4*3258478 = 21176* i 

This divided by 1,000 X 1,000 = 1,000,000, gives the weight in 
grains of a wire of a circular mil one foot long. In this way are 
obtained the figures in Column II. of Table X. of the various 
constants required in calculations as to wires. 

By dividing 1,000,000, the circular mils in an inch, by the weight 
of the circular inch-fool^ we obtain the sectional area in mils (or 
number of mils it occupies) of a wire weighing one grain per foot. 
This gives Column III. of the Table of Constants. 

1,000,000= 10® 6*0000000 

Inch-foot of copper, 21 176" i • • 4* 3258478 

MiU per grain-foot, G. . . 2)1 '6741522 = 47*22 

sq. root 

Diameter of grain-foot . . . . 0*8370761 = 6-872 
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Assmning as correct the resistance of one foot-grain wire given in 
"Pable IX., we obtain all that is necessary to complete the data, viz. 
the resistance of the unit foot-grain wire, which I hare calculated 
at 60^ and inserted in Column IV. of Table X. 



Besistance of one foot-grain soft 

copper at 32°, '2064 
Correction for 28^ i "0505 

Unit resistance at 60^, U 



-1-3147097 
0*0255107 

"I '3402204 = "21889 



This unit wire, one foot weighing one grain, and having, as pore 
soft copper, a resistance at 60° Fahr. of '21889 ohm, will now 
furnish any information needed by simple processes of calculation. 

Liet the following symbols represent the several elements : 

d, diameter in mils, 

d\ square of d = sectional area in circular mUs, 

iffy weight in grains per foot. 

Z, length in feet. 

M, grains per midfoot of the metal. Column II. of Table X. 

G, area in mils {d^) of unit grain-foot, Column III. of Table X. 

Uy resistance in ohms of unit wire. Column IV. of Table X. 

Hy measured resistance at 60^. 

Table X. — Goxstayts of Uim? Wibes. 





I. 


IJ. M i 


III. G 


IV. U 




Specific 


Grains per ' Area in iiu(t per grain- 


Beaiitanoe at S(P Fahr. 




gravity. 1 mtf-foot. | 


foot. 


of foot-grain. 


^ 




i IfiU. 


Logarithm. 


Ohms. Log. 


Copper .. 


8-9 


•0211761 1 47*22 


1*6741522 


•2189 "1*3402204 


Iron 


7-8 


•0185590 


53-88 


I -7314476 


1*1634 0*0657173 


German Silver 


8-7 


•0207003 


48-31 


1*6840229 


2*6699 0*4264939 


Brass 


8-4 


•0199865 


50-03 


1*6992629 


•9938 -1*9972763 



Calculations would require a correction for conductivities varying 
from those given, or it would be simpler to obtain a new constant 
in place of U for any wire of which the actual conductivity is 
known. 

227. Formula of Wibbs. — ^I. To ascertain the diametbb, d, of 
any toirey weigh and measure carefully any convenient piece, and 
reduce to grains per foot. Multiply this by the constant G in 
Column III. (47 '22 for copper). This gives the sectional area in 
mils d^i and the square root of this is the diameter in mihf d, 

d = fJwQ[, 
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Ex, 4 ft. weigh 3*15 grs 0*4983105 

Divided by 4 0*6020600 

w, grains per foot "i * 8962506 = 0*788 

6, constant for copper, 47 '22 .. 1*6741522 

cP, sectional area 2)1 * 5704028 = 37 ' lo 

d, diameter in mils 0*7852014 = 6*i 

For other metals the proper constants should be used. 

II. The diameter being known, to ascertain the weight of any 
length, or the length of any weight ; multiply the square of the 
diameter by Column II. of the Table, the grains per mt'Z-foot. This 
gives the weight in grains per foot, from which all required weights 
and lengths are ascttrtainable by common arithmetic. 

w = d2 M. 

Or, dividing the square of the diameter by the area of the grain- 
foot G, Column III., will also give the grains per foot. 

W = tr-» 

G 

The square of the diameter, by using the following constants, 
will give the particular information, in each case, for copper wire. 

Log. 

Feet per pound, divide by d^ . . 3 30560 5*5192 502 

Yards per pound, divide by dj^ 110187 5*0421289 

Grains per foot, multiply by d' o * 02 1 1 76 1 "2*325 847 8 

Pounds per 1 000 feet, multiply) . _ ^^ _ o_ o 
hjd:".. .. ..-....[^^30252 3-4807498 

Founds per mile (English),) ^ ^ _^ _ o 

multiply by cP.... ..f ° °'5973 2-2033837 

Founds per nautical mile,) ^ ^ o^ . ^- - 

•multiplVbyd' .[ 0-OI84H 2-265.531 

The same constants, used in the opposite manner, will give the 
area, and hence the diameter of a wire, of which any of these 
particulars are known. 

in. To ascertain the resistance of any wire at 60°, divide the unit 
resistance U, Column IV., by the weight in grains per foot. This 
gives the resistance per foot, which multiply by length required. 

B = Ux -. 

w 

Or, multiply U by the length in feet, and divide the product by the 
area multiplied by M, the grains per 9nt7-foot. 

^ VI TJ I 
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This last formula gives another constant, the resistance of the 
mil-foot at 60°, which might, if preferred, serve as the principal 
unit instead of the grain-foot. 

The foregoing formulsB are applicable to all the metals, using the 
proper constants ; but the following constants, for special purposes, 
apply to copper only. They are, in fact, the resistances of a wire 
of one-thousandth inch diameter of the length named at 60^, and 
are to be divided by the sectional area in mils, d^. 

Log. 

Ohms per foot at 60° . . . . 10*3365 i '0143725 

Ohms per yard 31 '0095 i '4914939 

Ohms per mile 54»577 4*737^^^5 

Ohms per nautical mile at 60° 62 , 9 1 8 4 • 7987759 
For ohms per pound divide) 

by d* or the square of the I 3,416,825 6*5336228 

area (cPy / 

For feet per ohm multiply! ^ ^ ^ .. _ o-/-^ 

d'hj .. .. .-. ..] ^'^9^7447 2-9856274 

IV. To Measure Conductivity. — Measure the resistance of any 
convenient length, correcting for temperature to 60°. Divide by 
the length in feet, and multiply by the weight in grains per foot. 
This gives the resistance per grain-foot, by which divide the unit 
0*2x889. ^^^ quotient is the conductivity. 

The actual measurement of wire for its resistance, in order to 
ascertain its conductivity, may be effected on three distinct systems. 

(i) The measurement of any length and reducing the length and 
resistance to the unit foot-grain, or mil. 

(2) By Clark's system. A standard wire of copper is mounted, 
its length or size is of no consequence, but its resistance is made 
0*1516 ohm at 60°, being equivalent to a wire 100 in. long 
w-eighing 100 grains; the conductivity of any other wire is 
measured direct by balancing the necessary length against this, 
and will be as the square of its length in inches divided by its 
weight in grains. This has the advantage of requiring no correc- 
tion for temperature, as both the wires vary alike, care of course 
being taken not to so pass current through as to act unequally on 
them. 

(3) By a pair of stout clamps, forming one of the openings of a 
Wheatstone's Bridge ; the resistance per foot is thus measured, and 
multiplied by its weight in grains, gives the actual foot-grain 
resistance. 
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Example. — ^The 4 feet of wire, weighing 3*15 grains, used as the 
first example, gave a resistance, at 72°, of ohms, i * 349. 

Besistance, i'U9 0*130^119 

72 — 60 = 12 , correction, 1*0255 .. 0-0109357 

B, resistance at 60° 0*1190762 = 1*315, 

to, grains per foot, 0*788 '~'i'89625o6 

0*0153268 
Z, length 4 feet 0*6020600 

Res. per grain-foot at 60° .. .. "i '4132668 = 0*25898. 

Unit grain-foot resistance, o * 2 1 889 *~i * 3402 204 
Actual grain-foot resistance, o * 25 898 ""i * 41 3 2668 

Condnctiyity ""1*9269536 = 84*5 percent. 

Or, measure and weigh any length of which the resistance is 
known, and multiply U hy the length, and divide by weight per 
foot, which gives the equivalent resistance as pure copper, which 
divide by the actual resistance. 

As the foregoing formulaa differ in several points from those 
generally given to attain the same results, it may be explained that 
this is owing to the definite system of which these form a part. 
Most other formulad are single ones, devised each for its own 
purpose, and often based upon mere actual measures of particular 
wires, which often vary in quality. Those given here may have no 
actual superiority over these others, except as forming part of a 
definite system based upon mathematical truths, and linked espe- 
cially to the conception of wires, not as each separate entities, 
but as consisting of collections of unit wires of definite property, 
thus giving to (2^ an extended meaning, from the mere square of 
the diameter of single wires to the number of units in all wires. 

228. Copper Wire. — This varies very greatly in its electric 
properties, ranging in conductivity from 97 per cent, as low as 50. 
It is of great importance to attend to this, for in making an instru- 
ment, be it a galvanometer, an electro-magnet, or a coil, resistances 
should be duly balanced with the battery power employed, while it 
is of great importance not to use wire unnecessarily large, because 
this increases cost and diminishes the effect; so that by not 
attending to this we may obtain only half the effect we shoidd bj 
securing good wire. 

Pure copper is the theoretical standard, though what it is, and 
how to be obtained, seems puzzling from the following experiments 
of the most careful experimenter on the subject, Matthiessen ; and 
from the peculiar properties of copper, it would seem that silver, 
which is more free from objection, should have been taken as 
standard. 
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Matihiessen gives the relative conductivity of various coppers as 
compared with hard-drawn silver : 

Pure copper : Temperature. 

Oxide reduced by hydrogen .. .. 93 'o at 18 '6 0. 

Electrotype, not melted 93*46 „ 20*2 „ 

„ fused in hydrogen .. 92*76 „ 19*3 „ 

The conducting power increased about 2 per cent, by annealing 
the wires. 

Impure, or commercial coppers : Temperature. 
Containing red oxide, melted in air .. 7 3 * 32 at 19 * 5 C. 
Containing 0*95 per cent, of phos- 
phorus 23*24 „ 22*1 „ 

Containing 2*80 per cent, of arsenic 13*14 » i9'i 99 

Containing I * 60 per cent, of zinc .. 56*98 „ 10*3 „ 

Taking the pure unmelted electrotype copper as standard, or 
100, 

Spanish (Bio Tinto), containing arsenic, iron, 

lead, &c., was ^4*24 

Bussian, with traces of same 59*34 

Tough cake 71*03 

Australian, Burra Burra 88*86 

American, Lake Superior 92*57 

These figures show that excellent commercial wire may be very 
bad for electrical purposes. 

229. CoBBBGTiON FOB Tbhferatubb. — It is Convenient to adjust 
resistances at the ordinary temperature, 60^ Fahr., for which 
reason, also, the values are given in the formulte and tables at that 
point. But it is necessary for many purposes to know the resist- 
ance corresponding to a temperature different from that at which 
observations are made, for temperature plays a very important part 
in the resistance of wires ; in fact, it is .di£&cult to get the same 
resistance twice for a piece of copper wire, if it is touched, or if 
the slightest change takes place in the room. Tables of correction 
are given in many works, but they never point out that these tables 
only give a part of the correction required ; they deal only with 
the temperature of the wire itself, but leave out of sight altogether 
the variation which takes place in the measurement instrument itself, 
though this is one-tenth of that of the copper wire as regards 
external temperature, and greater than that of the wire as regards 
any heat produced by the current itself. The latter cannot be well 
dealt with except by careful valuation in each case; but for 
ordinary resistance measurement, with small and momentary 
currents, the external action alone need be considered. Instru- 
ments for measuring resistance ought to have marked upon them 
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the temperature at which they are correct, then the correction for 
actual temperature, say in copper wire, would be, not that for 
copper merely, as given in the usual tables, but this less the simul- 
taneous variation of the Grerman silver wire of the instmments. 
Thus for each degree Fahrenheit near about 60^, 

Copper varies as i to .. .. 1*00215 log. 0*0009327 
German silver varies as .. 1*00024 „ 0*0003126 
Combined correction at 60° . . i * 00 1 9 1 „ o * 0008 287 

The variation occurs not equally for each degree, but by a cnrve 
represented according to the experiments of the British Association 
Committee on Electrical Standards, by the formula for the resist- 
ance E at temperature t (Centigrade) from the resistance r at zero, 
E = r(i +a< ±6<2). 

a b 

Pure metals 0*003824 +0*00000126 

Mercury 0*0007485 — 0*000000398 

German silver 0*0004433+0*000000152 

Platinum silver .. .. 0*00031 

But for all ordinary purposes the correction above given will 
suffice, multiplying the decimal portion or the logarithm by the 
number of degrees (not by the logarithm of the degrees), and 
multiplying the resistance observed, for higher temperature, and 
dividing for lower temperature ; adding or subtracting, as required, 
the logarithmic correction to the logarithm of the observed re- 
sistance. 

Thus to correct from 60° to 3 2°, or the freezing point (zero Cent.) 
is 28° '00215 ^ 2^ ~ I '0602 for copper. The correct figure, 
I * 0605, differs very slightly from this, and the mode of correction 
is shown in the third calculation, § 226. 

230. Table op Coppbb Wire. — This is calculated on the formulsB, 
§ 227, for the most useful sizes of copper wire, but its readings may 
be translated into the values of other metals by the following con- 
stants (Table XI., p. 1 88) : 

Log. 



I. Weights. 

Multiply by 



Iron '87641 -1*9427046 

German Silver .. '977538 -1*9901293 
Brass '94382 "1*9748893 

2. Lengths. [Iron 1*1400} 0*0572954 

Mxiltiply by < German Silver .. 1*02298 0*0098707 

(Brass 1*05952 0*0251107 

3. Reststancb, jlron 5 '3149 0*7254969 

Multiply by < G erinan Silver . . 12* 2009 1*0863826 

iBrass 4*54 0*6570559 

4. Length op Resistance (Col. IX.) divide by the foregoing con- 

stants, which are the conductivities, copper being i. In like 
manner the conductivity of any commercial copper or other 
metal will give the correction to employ. 
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The data chosen have been those most extensively available; 
thus looo feet is taken because the change of the decimal point 
converts the value into that of i, lo, or loo, while multiplying by 
5 * 28 converts it into a mile. The last column is likely to be very 
useful to those who wish to select wires for any purpose, especially 
as multiplying by 12 gives very closely the value in German silver. 
The figures in the foot-grain and mil lines are the constants for 
use in the formulae. The diameters are shown in millimetres for 
comparison when required. The millimetre and metre-gramme 
lines give constants which enable calculations to be made for wires 
measured on the metric system, in the same manner as is described 
for the foot-grain system. 

231. Eesistanoe and Work. — It has already been mentioned 
that under the general idea of resistance may be, and is, included 
every action and property which opposes the passage of a current, 
and that every such action may be definitely measured in units of 
resistance. In fact, when a circuit is once closed and its resistance 
measured, that resistance will vary every instant, not only in the 
battery, owing to the chemical changes, but in the conducting wire 
itself. We have already seen that change of temperature (even 
though caused by the current itself), alters the resistance ; but, in 
addition to this, any work added to the arranged circuit, without 
any change in the circuit itself, has exactly the same effect. This 
is a difficulty to many minds, though it is an obvious matter to all 
who have thoroughly grasped the doctrines of the conservation and 
correlation of energy which are the sure foundation on which 
modem science is now building. 

The general principle is that every effect must have its adequate 
cause, therefore every action involves an equivalent expenditure of 
force, and of those materials from which we derive our force. 
When a circuit is once formed, a condition of equilibrium is 
Bet up between the resistance and the force expended, and the 
battery exerts every fraction of force the resistance permits; 
eyideutly, then, if we add any work, either the battery action must 
diminish, or we must give it more force, and expend material suffi- 
cient to do the required work. The exact relations will be con- 
sidered under the laws of current, but a simple experiment will 
convey the facts and principles. 

I divided one ohm of No. 20 wire (about 83 ft.) into four equal 
parts, and wound them on two coils, two wires side by side in 
each, making 97 turns for each wire, the coils being 2^ in. long on 
a core of half an inch. These were intended for experiments in 
electro-magnetism, but they furnish the means of balancing two 
circuits on the Wheatstone bridge, and testing the resistances 
under various conditions, by eliminating every action but the one 
to be examined — - 
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(i) Both pairs of wires joined in the middle, so that the cnrrent 
returns on itself and prevents induction ; the two exactly balanced. 

(2) Both coils with the current going through ; exactly balanced. 
3) The coils arranged one in each way, so that there is induction 
in one and not in the other ; now here is work absorbed, for a current 
is generated at making and breaking contact and a spark produced, 
and this " extra *' current is either created out of nothing, or it is 
derived from the battery indirectly ; if the latter, it is extra work ; 
and therefore resistance increases, and will at once show on the 
balance, § 216. It does so —the needle, under the present con- 
ditions, swings 5° on one side at the instant of contact, when 
induction occurs, returns to the zero when this first effort is over, 
and on breaking contact swings 3° the other way. 

(4) Both coils being arranged as in experiment 2, they balance. 
I insert a piece of iron in one ; the effort to magnetize this is a 
heavier exertion, and the needle swings 1 2° to the side of which- 
ever coil contains the iron, and remains permanently at 3°. 

(5) I give the magnet work by adding a piece of iron for it to 
support. The needle flies over 5^. 

Of course all this is well known, but I detail the experiment to 
put it plainly before those who do not know it. I do not give the 
measures of the resistance, as it is very small ; the magnet, under 
these circumstances barely supporting an ounce, as the object was 
not to obtain a powerful magnet, but to effect various changes in 
the conditions. But it brings out very forcibly a fact of much im- 
portance. Having once arrived at the principle that the resistance 
increases as work is put on a circuit, then we see that the propor- 
tion this extra resistance bears to the total is the measure of that 
portion of the expended force converted into useful work ; the resist- 
ance of the very best electro-magnet under these conditions while 
working is very little increased in proportion to the resistance of 
the circuit when it is not working. Therefore work done by 
electro-magnets must be very costly, because the source of cor 
force is so, and we can utilize only this small proportion of it 
as work. 

A most interesting experiment by Favre gives the quantitative 
relations very clearly. Testing the heat developed in varying 
circumstances, he found that the heat developed in a whole circuit, 
doing no work, was exactly the same as that given by the same 
weight of zinc dissolved without producing any current. Following 
this out, he tested the heat in various conditions of circuit, and also 
when a known amount of work was done by a magnet, the work 
being the equivalent of 308 heat-units or calories. 

The conditions of the experiments were for the same weight 
of zinc. 
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(i) The battery on short circuit; heat all developed in the 
"battery itself. 

(2) The circuit going through an electromagnetic coil without 
the iron, as in my experiment 3. 

(3) The same with the iron inserted. 

(4) The magnet revolying a machine, but doing no work. 

(5) The same, but doing work. 



!xpt. 


Heat in 


Heat in 


Heat lost 


Total 


A 


Battery. 


Circuit. 


ad work. 


Amounts. 


I. 


18682 


— 


• • • • 


18682 


2. 


18674 




■ • • • 


18674 


3. .. 


16444 


2219 


• • • • 


18667 


4. .. 


13888 


.. 4769 


• • • • 


18657 


5. .. 


15427 


2947 


308 


18682 



The experiment shows very clearly the relations of force to the 
effect produced ; and also the mode in which resistance converts 
the force into work, and it closely agrees with the details of my 
experiment above. 

2:^2. Kksistancb of Liquids. — ^For equal dimensions this is 
vastly greater than that of metals, but it is subject to the same 
laws ; it varies inversely as the sectional area, and directly as the 
length. Therefore, by doubUng the area, or what is frequently 
the same thing, doubling the size of the plates, we halve the 
resistance, or may double the distancS apart without increasing the 
resistance. This holds exactly true only when the plate fills a cell 
of square section, as to which see § 233. The law also holds true 
only as to the real liquid resistance, the molecular motion in the 
liquids themselves. There are reaUy three elements of resistance 
in most liquids : 

(i) The true liquid resistance just spoken of, and to which alone 
this section refers. 

(2) The resistance at contact of the plate and liquid which varies 
the active area, as when a gas is given off and covers part of the 
surface : this may be regarded as analogous to dirty surfaces or 
bad soldering with wires, &c. 

(3) An absorption of energy when an electrolyte is decomposed, 
which has been given the confusing name of " polarization " of 
plates, as to which see § 290. 

The resistance of a porous ceU is really due to the reduction of 
the area of the liquid : hence, if this be measured in ohms, it will 
be different if the liquid is a good or bad conductor, as its re- 
sistance is really that of the quantity of the liquid it displaces and 
does not absorb. 

Heat has the opposite effect in liquids to that upon metals : for 
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heating diminishea the resistanoe. In some cases the resistance at 
X2^ is three or four times as great as at 212% but very little is 
known on the subject. 

Many philosophers have examined the facts of liquid resistanoe, 
but our iuformation is by no means large or reliable. 

The following table is calculated from experiments by 
Becquerel : 

Table XII. — ^Liquid BESisTAircES. 

Temperature. 
Oopper taken as standard 
Sulphate of copper, saturated .. 

„ „ diluted to half 

„ zinc, saturated .. 

„ „ diluted to half 

Chloride of sodium, saturated .. 

„ „ diluted to half 
Sulphuric acid, diluted i to 1 1 
Nitric acid, strength not given 
Distilled water 



32 I 

48 16,855,520 

„ 26,327,637 

56 15,861,267 

12,835,836 

2>903»53S 
3,965,421 

68 1,032,020 

— 976,000 

59 6,754,208,000 



n 



» 


99 


J> 


)9 


n 


zinc, 


n 


99 


99 


M 



He also gives the following particulars expressed in terms of 
conductivity. Pure silver being taken as 100,000,000 : 

Temperature. 

Sulphate of copper, saturated .. .. 50P 5-42 

diluted to half .. „ 3*47 

„ to quarter „ 2*08 

saturated .. .. 55 9*00 

diluted to half .. „ ^7* 70 

„ to quarter „ ^3*44 

Chloride of sodium, saturated .. 56 3^ '5^ 

„ ,-, diluted to half .. „ 23*08 

„ „ „ to quarter „ 13-58 

Oil of vitriol i, measure to 11 water .. 66 88*68 

Nitric acid, commercial, i'3i sp. gr. .. 56 93*77 

It appears that in some cases saturated solutions are the best 
conductors ; in others there is a particular degree of saturation at 
which resistance is least, conductivity diminishing both above and 
below it ; these latter are deliquescent or extremely soluble salts ; 
probably this may throw light upon the nature of solution and 
upon the question whether crystalline bodies dissolve as such, 
with their water forming part of the dissolved molecules, or 
whether only the salt itself is dissolved ; many chemical facts tend 
to show that salts which crystallize in two or more forms with 
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different amounts of water, have different solubilities in the different 
forms. 

233. Conduction thbough Liquids. — It might be supposed that 
electricity takes only the shortest and straightest path, and that in 
a liquid with two plates in it, the current would be confined to the 
stratum of liquid lying between the plates. This is not the case. 
Electricity divides itself through every path open to it in the ratio 
of the resistances of each path. Therefore if small plates are 
immersed in a large vessel, every particle of liquid in the vessel 
will form itself into a path for current. This may be tested by 
means of two wii-es fixed into a frame and connected to a galvano- 
meter ; on dipping these into a liquid through which current is 
passing they will form part of the circuit, replacing the liquid 
lying between them, although they have no metallic connection to 
the plates or battery ; according to the part of the liquid they are 
placed in will be the amount of current they intercept, and by 
calculation of the various elements of the current, this will show 
the relative quantities of electricity passing in different parts of 
the vessel. 

Fig. 63. 



if^^^^^^^^^^ 







Fig. 63 shows the facts : even the backs of the plates take part 
in the action, and it is most active upon the edges from the same 
causes which render points and edges active in static electricity, 
§ 50. Hence, contrary to common opinion, the backs of battery 
plates are to some extent active. Mount a pair of plates with one 
side varnished, either as a battery or in a coppering cell with a 
galvanometer, and note the effect when the varnished sides or the 
bare sides are presented to each other. 

234. Eabth Connection. — These facts explain why the resistance 
of a telegraphic return circuit by earth pLettes is so small as to 
count for nothing as compared with that of the wire. The return 
current passes through the liquids of the earth and sea just as in the 
case of a common decomposition cell, and its plates are subject to the 
same effects of polarization, § 290, but the lines of current are not 
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limited, they spread oat in all directions, as in Fig. 63, and the 
result is that the only actual resistance is of the order 2 suad 3, 
§ 232. Thei^ is another theory &youred chiefly by mathematicians, 
that the earth may be regarded as an infinite reservoir, § 25, 
or else as an infinite pair of condensing plates in which the 
tensions set up in the wire are lost. 

But if we enclose a liquid or moist earth in a tube we find that 
tube is a conductor, and it acts in all respects as a wire does; 
we may lengthen it or add tube to tube, still the same, still the 
resistance as it grows obeys the definite laws : why then set up a 
new idea when we deal witii the earth ?. this is we know a mass of 
electrolytes, and we know also that the plates act exactly as two 
plates in a solution do. The analogy has another view : i^ we use 
a copper earth plate in Lpndon and a zinc earth plate at a distance 
and in such a direction as eliminates the disturbing action of the 
natural currents of the earth, these plates act precisely as though 
they were in a cell, they produce a current traversing the wire, and 
if we soak the earth around the copper plate with a copper salt, we 
get all the effects of a Daniell cell : is it not obvious then that the 
intermediate earth is acting precisely as does the liquid in an 
ordinary cell and completing the circle of the current ? 

235. The following description is that of an instrument devised 
for measuring the true electric resistances of liquids and eliminating 
all disturbances. It is really a Wheatstone's bridge, or may be 
used with a differential galvanometer. Three glass cells are con- 
nected together by two tubes of different lengths and mounted upon 
a stand, with connecting screws close to them provided with a 
vertical hole. These are for the plates or conductors attached to 
a wire which can be easily put in position. A resistance coil is 
placed in the circuit of the shorter tube so that the current which 
enters at the middle cell and divides through the two tubes may be 
equalized, thus causing exactly the same polarization effects in 
both branches: if we regard the middle cell as — and the two 
tubes as the arms A in Fig. 58, the action is evident : the extra 
resistance of the coils is exactly equal to that of the extra length 
of the. longer tube. In order to obtain definite measures, the 
instrument is first charged with mercury and thus a standard of 
comparison is obtained which dispenses with any accurate measures 
of the tubes or liquids, for the liquids are really compared with an 
equal bulk of mercury under exactly the same conditions, and 
these conditions equivalent to a known standard resistance. Open 
oblong cells may be used in place pf tubes, provided that the 
plates completely fill the cross section ; in this case the two sides 
of the middle plate distribute the two currents. 

236. Eesistance, Definition op. — ^Before leaving the subjects 
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resumS of the foregoing facts and principles will fomifili a clear 

definition of the natnre of resistance. It is the expression and 

measure of the amount of energy necessary to be expended in order 

to produce a certain effect, which we may call the transmission of 

a definite ^ electric quantity " (not quantity of electricity, see § 1 86). 

The molecular moyements produced by this action in a wire, &c, 

consume energy and produce heat, and the quantity of the energy 

and heat necessary in a unit quantity, of the substance is Ihe 

equivalent of its specific resistance, § 221. 

Resistance takes many forms, and any action or force which 

necessitates energy to overcon^e it may be .treated and measured as 

a resistance, but true resistance, that is, " specific resistance,'^ being 

an absolute property of each substance or definitely related to each 

form of work, is invariable, i. e. it bears the same relation to the 

force exerted upon it, be that force or the electric current produced 

by it, great or small. It is thus with the resistance of wires 

(allowing that is for the effect of temperature, § 229). The formula 

E 

^ = B will give for B the same value, whatever the actual dimen- 

\j 

sions of E, when it and B C are measured in syst^natic units. 

A Counter Electromotive Force, § 289, may be measured as a 

resistance in the bridge or differential galvanometer so as to 

balance it by an extra length of wire, but that length will not he 

constant, it will hold a varying relation to tiie current passing : 

it is therefore not a true resistance; express it propsrly as 

E — e 

— -^ — = B and then a constant result is obtained. 

Work, which sets up no counter force, may be measured as re- 
sistance, and this will give the energy consumed in effecting the 
work, § 231. By first measuring the resistance without the work, 
and then while the work is doing (with the same current passing), 
we have in the extra resistance the measure of the work independent 
of the electromotive force engaged or the actual current passing, 
these being of course related to the total resistance, including the 
work of the whole circuit. W = C^B is the formula, which re- 
quires also a constant representing the mechanical equivalent of 
C in the system of measurement employed. This is the same 
fonnula as that for heat, § 191. 

237. CoNSEOTTTiVB BssiSTANOBS. — Eaoh portiou of the circuit, 
i.e. the various cells of the battery, the connecting wires, any 
instruments used or work done, having each th^ separate resist- 
ance measured or known, these are all added together to form the 
total resistance of the circuit, symbolized as B: it is this total 
resistance only which can be calculated directly by Ohm's formula, 

2 
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but the Yarions external resistances may be ascertained separately 
by that formula by observing the variations of the current pro- 
duced as each is added. For the Internal Besistance of the Cells 
see § 271. 

238. Dbbived Cibouits, see § 214. — ^When the current divides 
into two or more branches for a part of its coiirse, the joint re- 
sistance of the united circuit is ascertained by the following 
formulsD ;- the separate resistances being first ascertained by the 
usual processes : — 

A X B 

(i) -T = = B. The joint resistance is the product of the 

A "4" -D 

two resistaiLces divided by their sum. Thus 

'39X-64 -2496 * 

■ 7— = = 242. 

•39+ '64 1-03 ^ 

When there are more than two paths, having obtained the joint 
resistance of two, this is used with another in the same manner. 
Let be another such path having a resistance i * 9, then 

'242 + 1*9 2*142 

(2) It is more easy to obtain the joint resistance by means of a 
table of reciprocals : the sum of the reciprocals of the separate 
resistances being the reciprocal of the joint resistance. (The re- 
ciprocal of a number is i divided by it ; tables of reciprocals are 
given in many books.) 

A ="39 .. .. reciprocal .. 2*564 

B= '64 .. .. „ .. .. 1-562 

Cs=i*9 ., .. „ .. .. 0*526 

Joint resistance 4*652 = '214. 

(3) Another plan may be derived from the system of wire re- 
sistance, § 227. If we reduce each resistance to the terms of the 
area of a copper wire of fixed length i, 10 or more feet, the sum of 
these represents a wire equivalent to the joint resistance. 

239. Cells in Multiple Abo, or as it used to be called, coupled 
for quantity, that is to say, side by side, so as to act as one larger 
cell, are derived circuits ; the current divides itself between them ; 
their resistances obey the same law as that of the outer circuit, and 
the joint effect is found by the same formulaa. The examples used, 
§ 238, are in fact the internal resistances of the cells used in § 243 
to explain the laws of current. 

Cells to be coupled in multiple arc may be of various sizes, but 
must be all of the same kind and of equal electromotive force, 
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otherwise the stronger cells reyerse the cnrreiit of the weaker and 
less enrrent passes to the external circuit than if the weaker cell 
were not used, and yet the stronger cell is more rapidly exhausted : 
zinc may also be deposited on the negative plate of the weaker cell, 
if it is a single liquid cell. So also when a number of cells are 
arranged in sets in series, and then coupled in multiple arc, all of 
the sets in one coupling must contain the same number of cells in 
order that when in multiple arc each branch may have the same 
electromotive force. In Uiis manner a variety of cells of different 
sizes and forces may yet all be used in one circuit, and combined 
in both ways, for small resistance (multiple arc) and high electro- 
motive force (in series). 
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240. QuANTiTT AKD Intbnbitt. — OnT greatest poet has told ns 
that a rose by any other name would smell as sweet, and this 
phrase is often used as signifying the imimportance of mere words. 
In science, however, it is impossible to exaggerate the importance 
of words, because words stand for things and principles, and the 
great stumbling-block in the way of scientific students is the inde- 
finiteness of the terms commonly used, and in no science is this 
more serious than in electricity, many of the terms of which have 
had a succession of different ideas attached to them by different 
writers, thus generating a confusion from which we must folly 
extricate ourselves if any sound knowledge is to be attained. 
In § 7 1 is given an explanation of the relations of '' quantity " 
to surface, and why the force associated with it increases as the 
square of the quantity. We have to deal with the same principles 
in current electricity, and the reasons why the energy, work, heat, 
&c., of currents vary in the ratio of the squares of the currents 
will be found § 279. 

In the early days of current electricity the battery was regarded 
as something in the nature of a pump, which would supply 9 quan- 
tity of electricity proportioned to its size, and the circuit was 
regarded as something like a pipe, which required simply to be 
large enough to allow that " quantity " to run off ; the larger the 
pipe the more it would carry away from the positive pole of the 
battery, which might be regarded as the spout of the pump, and 
intensity was needed in the battery in order to carry the flow to a 
greater distance, that is to say, through longer wires. 

These ideas still linger in the minds of those who have not 
studied electricity scientifically ; but they are entirely erroneous, 
based on misconception, and have been entirely superseded by the 
formulaa of universal application, known as Ohm's laws. But 
here, again, there is a misconception. Ohm's work was a great 
one — his formulsB most valuable ; but they are nothing new, for if 
examined they will be found to be simply the common funda- 
mental mechsmical laws, and the relations established by Ohm's 
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laws between electromotive force, resistance, and the current and 
its work, are simply the well-known laws of mechanics or the rela- 
tions between force, such as ^avity, weight, and velocity. 

But, further, these laws of Ohm are merely mathematical 
expressions : invaluable in dealing with the modes of operation, 
they only delude us if we regard them as facts, and do not clearly 
trace out the reason why they are valuable. Indeed, the devotion 
of practical electricians to Ohm's laws often leads them into errors 
just as great, though in an opposite direction, as those which 
these laws have freed us from ; thus to obtain anything like a clear 
conception of the electric current, its modes of action, and its 
work, it is equally important to disabuse the mind of all the old 
ideas of quantity and intensity, and to guard against being utterly 
enslaved by mathematical chains. In point of fa.ct, there is in the 
galvanic current neither quantity nor intensity, or if we use those 
words we must give to them entirely new meanings, detaching 
them entirely from any relation to the supposed fluid electricity. 
Thus, quantity can only mean a definite chemical action — a certain 
number of molecular changes, each of which has a definite che- 
mical result, and is also attended with a definite magnetic result, 
magnetism being simply a polar arrangement of molecules, and, 
therefore, having naturally a fixed connection with the mole- 
cular chemical changes. These changes are perfectly expressed 
as to their quantitative effects by Ohm's laws, when we connect to 
these laws the known relations of chemical equivalence. 

The ordinary idea of intensity, as produced by a number of cells, 
is still less fitted to the facts of the galvanic current, for we can 
obtain exactly the same effects from currents of equal quantity, 
whether they arise from one cell or from fifty. Ohm's laws fully 
express this, but they tend to lead the mind to suppose that there 
is no real difference in these currents. They tend, as generally 
used, to drive out altogether the idea of intensity, which, properly 
understood, is equally important with that of quantity, for although 
in some aspects, the two supposed equal currents would be alike — 
as to magnetic actions and as to quantity of chemical action, they 
would really be also very different, and regarding the difference as 
Bolely due to the balancing of electromotive force and resistance 
in the abstract, without weighing the sources of force and nature 
of resistance, is sure to end in overlooking important features of 
the subject. 

241. Ohm's Laws. — It will be more convenient to show how 
these formulae explain the facts of the galvanic current before 
discussing the sources of the force they are based on. The fun- 
damental expression is = = or — r-r = current, or work 

^ B resistance 
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done in giyen time. If the data are comparative, tlie resnlts are 

80 also ; but using definite units, we get the result in actual units 

also, as explained § 202. In the simple equation the symbols 

represent the total of each element. Thus supposing we have 

4E 
more cells than one, say four, the equation is -^ = i 0, which 

4-lC 

shows us that on short circuit, or when there is little resistance 
except that of the battery itself, a number of cells in series give no 
larger current than a single one, because each one adds its own 
force and its own resistance, and if they are all alike the result is 
unchanged. K cells of different force are connected in series their 
forces are added together to give E. Thus the force of Darnell's 
cell is in volts, i '079 ; Grove's, about i '964 ; hence, for these two 
cells in series, E would be 3* 04 V The resistance, also, is com- 
pound, being the sum of that of all the internal resistances of the 
cells, of the connections, and of any circuit or work doing. These 
details are generally enlarged into elaborate formulas, but it is 
better to keep in view the simple formula as representing the 
total, however composed, of each element in calculations ; the 
details will be better understood under other headings. 

It follows that any two of the three elements, E, B, and C, being 
known, we can calculate the third thus : 

E 
Current. — = C. Force and resistance being known. 

Electromotive Force, X R = E. Current and resistance 
being known. 

E 

Besistance, ^ = B. Thus, with any cells the force of which 

is known (as most are) in volts, dividing this by the current in 
vebers, gives us the total resistance ; and if the external resistance 
is known, by deducting this we get the internal resistance of the 
battery. 

242. The Ybbeb. — By various experiments it has been ascer- 
tained that the British Association unit of current, § 207, is 
capable of doing the chemical work per second stated below, and 
thus its value can now be ascertained in the practical unit of 
current used in these pages, the Chemic, § no, p. 86. 

I veber per second x 36000 H 
* 00 1 42 grains water 51*12 

•00158 „ hydrogen 5*688 

•00514 „ zinc 185 '17 

• 

These values, given by Ferguson and Clark, show that the 
veber current is equal to 5 • 68 chemics during equal times, and so 
enable this practical and easily understood unit of current to work 



equiv. 


= Gbemics 
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= 5^680 


I 


= 5-688 


32*6 


= 5^681 
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with Ohm's formula and the B. A. units.* On the other hand, by 
multiplying the electromotive force in volts by the same figure, 
5 * 68, and reckoning resistance in ohms, Ohm's formulas give the 
current in chemics. Thus the E M force of the Daniell is i '079 

volts. 1*079 X 5*^8 = 6' 1287. Then ^ = i veber, or 

'^ ^ ' 1*079 

5 * 68 chemics, which would read as 46 * 5^ on the galvanometer 

S* 1 287 
dial (§ 179) ; so, also, — ; = 5 '68. This latter process is the 

most convenient for use with the chemic unit of current, as it only 

requires a few electromotive forces to be multiplied once for all. 

243. Current. — The following table is a series of experiments 

E 
arranged to show, at one view, how the formula — = explains 

every possible case. It is the working of three Daniell cells of 
different sizes under varying circumstances of arrangement and of 
external resistance. It will well repay the closest study, as it 
embraces every point on which information can be sought. The 
electromotive force is taken in values corresponding to the 
chemic current (§ 242), and the current is given in chemics as read 
direct from the galvanometer. Fig. 49, p. 132. 

Lines i, 2, 3 show the action of each cell by itself, on short 
circuit and with varying resistances. 

Lines 4-7 cells in series, or, as it is often called, combined 
" for intensity." 

Lines 8~ii cells in multiple arc or coupled for quantity 

(§ 239). 

Column I. — Gives the cells as used in each experiment. 

U. — The electromotive force, due to the mode in which they are 
combined, increasing in the ratio of the number in series, without 
reference to size. 

m. — The internal resistance of the cells, as combined, the mode 
of calculating which is given, §§ 237-8. 

lY. — External resistance on short circuit, being that of the con- 
ductors and galvanometer. 

III. and lY. together are the total resistance, E, on short circuit. 

Y. — The currents observed on short circuit. 

E 
YT. — The same ; values calculated by the formula b = 0, being 

Columns ^ ' = YI. It will be seen that these closely 
agree with those observed in Col. Y. 

* The last Column of Table XIII. gives the chemical equivalent of the veber of 
the most important elements. 
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VIL and VIII. — Correspond to the foregoing, an extra re- 
sistance of two ohms being added. 

IX. — Is calculated for a still further addition of lo ohms to the 
external resistance. 

It will be seen that although the observed and calculated fgnres 
agree so closely as to prove the truth of the principles involyed, 
yet there is not exact agreement. There are in all experiments 
some sources of error; instruments are seldom perfectly exact, and 
very trifling errors in graduating the galvanometer will tell; 
besides, it is not easy to read off with great exactitude on a circle 
of three inches diameter, and by the eye. The internal resistance, 
also, varies during a set of experiments, owing to the action on the 
zinc and many other causes, and the figures taken are the average 
of several results, used throughout for convenience. 
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244. Size of Cell. — The table shows at once that with one 
electromotive force, that is, a cell of any battery, the current is 
proportional to the total resistance, for when this is only that of 
the battery itself, then the current is proportional to that, Le. on 
short circuit, the current is proportionate to the size of plates, &c., 
rising steadily through lines 3, 2, i, 10, 9, 8, 1 1, as the size of cell 
increases. 

On the other hand, if the external resistance is large, there is no 
use in increased size of cell, for Col. VII. shows an approximation 
in the figures on these lines ; and in Col. IX., where the resistance 
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is large, the lines are all practioallj alike, and the little cell, with 
two square inches of plates, giyes a current nearly equal to iJl the 
cells together. 

245. CouFLmo Cells. — ^Against small external resistance there is 
no advantage in coupling in series, for in lines i and 2 we find the 
cells alone give a current of 20*5, while in parallel connection, 
line 8, they give 17*7; but line 4, in series, they give oiily lo* 99. 
This farther illustrates the mischief done by inserting a smaller 
cell in a series, for two like A would give a current of 13*74, 
a little more than one, but at double cost. 

Against large external resistance we gain by series, as we see in 
lines I, 2, compared with 4 in GoL YIII.; and in Col. IX., where 
the resistance is considerable, lines i, 4, 7 show a proportion of 
current closely in the order of the series of cells. 

246. External and Internal Besistanoe. — The foregoing 
observations are really included in the common statement that to 
get the maxiTTium of work combined with the minimum of cost, the 
external resistance must equal the internal; in other words, the 
size of plates and number in series must be adjusted to the amount 
of work required to be done, and the resistance to be overcome. 
But this must be considered intelligently; assuming external 
resistance to be greatest, we may increase internal resistance in 
several ways. i. By increasing series — this is to be done if we 
wish to increase the current, because we also add to the force. 
2. We may reduce the size of the plates, i. e. use small cells, and 
get as good work as with large ones. 3. We may use solution of 
salt, or even water and other bad conductors, and thus diminish the 
local action ; both these plans are useful where we have sufficient 
current from the series, and the second is of first importance in 
selecting cells for any given work. 

But increasing internal resistance is not to be effected by aimless 
means, such as inserting unnecessary porous diaphragms, or merely 
increasing the distance of plates, for these would increase cost, as 
it must be remembered that the materials are expended on the 
resistance, of which only the external is really utilized in either 
working or carrying the force to its work. Therefore, by increasing 
external resistance in proportion to internal, we can diminish the 
cost of a given '* quantity" of work, but we increase the time 
required, i. e. we diminish current ; in other cases we may do the 
same with greater economy by reducing the internal resistance, as 
by diminishing the number of cells in series. 

247. Current and its Eelations. — There have been many 
attempts to explain the actions of the galvanic current by 
mechfuucal analogies, and as such analogies certainly may convey 
ideas to the minds of many more fully than formulad do, I will 
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attempt one. Sacli analogies are never perfect, and always fail at 
some point, yet there is a very strong parallel to be found between 
the conditions of the closed circuit of a battery and a set of 
hydraulic machinery. 

Fig. 64 represents both subjects. 



Fig. 64. 




L is the pump actuated by the steam cylinder, S ; C being the 
outlet, and Z the inlet ; these are connected by a continuous pipe 
provided with the means of connecting T, a turbine or cylinder, 
which may be made to do work by the pressure developed at the 
pump. 

L is also the galvanic cell, of which C and Z are the plates, and 
the pipe becomes a wire transmitting the current from + to — , or 
in the same directions as the arrows marking the flow of water. 
T is an electro-magnet, or decomposition cell, or any apparatus in 
which work is to be done. 

To carry out the analogy we must conceive E to be a steam pipe, 
conveying steam of, say, 10 lb. pressure, at such a rate as to fill the 
cylinder, and, therefore, work the pump sixty strokes per minute 
when T is disconnected. 

E now exactly represents the electromotive force of the cell; 
each filling of the steam cylinder one equivalent of chemical action 
on the zinc ; each filling of L one equivalent of mechanical or 
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electrical action. Tlie two ideas are now exactly parallel; for 
each stroke of the mechanical action, fast or slow, a fixed qtumtity^ 
or current of water flows through the pipe, and the same quantity 
will pass, in the same time, across eyery section of the circuit ; so 
for each unit of Z dissolved, a current equivalent to one unit will 
flow through the wire, whether the zinc be dissolved quickly or 
slowly, and there is exactly the same ''current" or quantity in 
given time at every section of the circuit. 

Now let T be pLiiced in the circuit and made to do work. This 
is increased resistance. The strokes of the pump — the consumption 
of zinc — therefore, the current in either case will diminish. Exactly 
the same laws, precisely the same formulsB, will govern the rate of 
decrease, mechanical or electrical. 

When a certain point of diminution is attained — i. e. a certain 
resistance interposed at T, the pump or battery will be over- 
powered, and to do work we must increase the electromotive force 
or the steam pressure. 

In both cases we see the current is uniform at every part of the 
circuit, and also it would be exactly equal in measure, estimated by 
gallons of water, and by galvanometer degrees, whether 60 strokes 
per minute were made by 10 lb. steam, or one equivalent of action 
effected against small resistance, i. e. on short circuit, or whether 
T was doing work so great as to require icx) lb. steam pressure — 
or 10 cells of the battery to maintain the rate of current flow. 

But would the mechanical or electrical conditions be all the 
same ; would the two currents — equal in quantity — be alike in all 
their properties ? Most certainly not. 

If we applied pressure gauges to the pipe on the + Bide, we 
Bhould And a pressure diminishing as we reached the middle ; on 
the — side we should find a txicuumj or — pressure, and we should 
find the sum of these two, at equal distances from the pump, would 
represent the mechanical force available between tiiem, which 
would be equal also to the friction or other resistance in the inter- 
vening space. Thus, two pressure gauges, at the inlet and outlet 
of T, would vary according to the amount of work T was doing, 
and when this was so great as to need 100 lb. steam to maintain 
the 60 strokes per minute, a gauge at 4- outlet would show ten 
times the pressure it would when 10 lb. sufficed, though exactiy the 
same ^ quantity " of water passed in both cases. 

Difference of pressure, then, or sum of -f- ^^^ — > pressure and 
vacuum, is the measure of work in the hydraulic current, or resist- 
ance intervening. It is exactly the same with the galvanic current ; 
and what I have been aiming at is to connect in my readers' minds 
the idea of mechsmcal pressure and electric tension, for to this latter 
is applicable every remark made as to the former, § 215. 
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When plates of zino and another metal are immersed in add, 
there is no apparent effect ; bnt snitable apparatus will show tbat 
there is an appreciable effect produced, for a condenser may be 
charged to a degree of tension differing according to the native 
metal employed (if this condenser be large enough, the time neces- 
sary to charge it will be so prolonged as to enable a galvanometer 
to show that a measurable current is set up, although there is no 
circuit of conducting materials). If we connect the condenser to 
a battery of ten cells, there will be a tension developed ten times 
as great as though one cell were used. 

If the circuit be closed by a wire along which current is passed, 
still a condenser may be charged bj connecting as a derived ciradt ; 
although one branch is a conductive and the other an indttctive circuit, 
and the actual resistance of the last is almost immeasurably greater 
than the other, yet the condenser will take a charge equal to tbe 
tensions which, by the laws of the conductive circuit, exist at the 
points of connection, § 215, Fig. 55. 

Electric tension l^en is the analogue of mechanical pressure or 
strain, and we may compare the electric circuit and the molecules of 
which it consists to a series of spiral springs. Fig. 46, p. 85 ; and 
in each case energy is stored up and partly consumed in setting np 
strains, which in their turn give up and transmit the energy. 



( 207 ) 



OHAPTEB Vni. 



ELECTR0M0TIV1S FORCE. 



248. Enbbot and Matteb. — Some of the general relations of 
force to matter haye been examined, §§13, 104-10, 196-7 ; we have 
now to examine more closely how force assumes the form of electric 
energy or electromotive force. For this purpose we must remem- 
ber that each atom and also each molecule of matter involves as 
part of its inherent nature an amount of energy as definite as of 
matter, but unlike the matter, not permanent in all changes ; it is 
definite and fixed only for a definite and fixed condition, and for 
every change a definite change takes place in the amount of fixed 
energy. We must, therefore, regard force as possessing twofold 
conditions. 

(i) Fluctuating, such as the sensible heat of substances, which 
enters and leaves them according as they are surrounded by bodies 
of greater or less temperature, but which does not change either 
their physical state or chemical properties. 

(2) Fixed, linked inextricably with the matter. This is what 
used to be called IcUent hecU, now termed, particularly by mathe- 
maticians, potential energy ; but the best and most definite idea will 
be obtained of it by treating it, as an amount of force linked to, or 
charged upon, the atoms and molecules of matter, and inseparable 
from them without change of nature or physical state, the mode of 
charging being the imparting of internal motion. Every elementary 
atom has its special force, and the importance of this view will be 
seen when we find that the degree of this force is really the measure 
and the cause of the chemical force or affinities of this atom. Each 
substance also requires a definite amount of force to pass from one 
physical state to a higher, as from solid to liquid and gaseous; at 
each such change a definite amount of force disappears, becomes 
charged on the molecules, i. e. is converted into latent heat or 
potential energy. So also, every chemical action which occurs 
under the infiuence of afi&nity, that is every act of ccymbinaiicm^ is 
attended with a loss of force, i. e. the potential energy is set free, 
and becomes active and sensible in some form, either as heat, or 
electricity, or motio^. On the other hand, every act of decomposition 
(the reversal of affinity) requires a supply of force exactly equal in 
qaantity to that set free by the act of combination, and this force 
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is again cHarged upon the atoms or molecules, and disappears— 
without it the change cannot occur. 

To make all this really clear, and to attach to our chemical 
symbols their yalue in force as well as matter is at present im- 
possible, as the data are not yet sufficiently ascertained, notwith- 
standing the labours of Favre and Silbermann, Andrews, and more 
recently of Thomson and Berthollet Most of the earlier of their 
results are given in relation to grammes or poimds in weight, and 
require translation into the comprehensible relations of the atoms; 
of late, howeyer, results are almost always so stated, indicating a 
great advance towards a clearer imderstanding of the real scientific 
road. But they are always given in the metrical system, and as the 
general Englii^ reader would not realize the meanings, I have reduced 
the information to the units used in these pages, the equivalent in 
grains weight for matter, and the foot pound for energy, § 105. 

249. Belations of Units. — It must be understood that the 
figures given are only approximately correct. They are mainly the 
results of experiments subject to many causes of error ; it is also 
most difficult to know what value to give to the figures because 
weights and units are by some taken at o^ cent., the freezing point ; 
by some at 4° the point of greatest density of water ; and by some 
at 60^ Fahrenheit. Hence different good authorities call the 
gramme equal to grains, 15 '438, 15*434, 15*45235, and the 
gramme degree or calory has different values according to whether 
it means from 0° to 1° or from 4° to 5° ; hence different authorities 
give different figures. I have therefore taken certain figures as the 
basis of calculation, and they will be foimd in Table XVH., § 257, 
with their logarithms, by means of which any values met with in 
books can be converted into any other system desired. The whole are 
based upon the gramme as 15 '434 grains, and the calory as 42 3 '55 
gramme-metres, and therefore can be easily corrected to any other 
values deemed more correct. The mode in which the figures are 
obtained, and the plan of using them, will be best seen in an example. 
Andrews gives the heat of combustion of zinc in oxygen as — 

Log. 
Calories per gramme 1330 3*1238516 

Equivalent of zinc 32*6 i'^i^2i']6 

Calories per gramme equivalent 4 • 63 70692 = 43358 

Eatio of grain equivalent. 

Table XVII., line 9 • 198547 "i • 2977983 

Foot pounds per grain equivalent 3 •9348675 = 8607 -5 

lib. 7 000 .. 3*8450980 

Zinc 32-6 .. I'5i32i76 2 '3318804 

Foot pounds per pound .. .. 6*2667479= 1,848,195 



ELBCTROMOTIYE FOBCE. 209 

Owing to the yarions differences this latter valae is sometimes given 
as low as 1,463,925 per poimd. 

Any such differences or errors, however, will only affect the 
actual values ; they will not prejudice the principles to be deduced 
from them, and they are so important that I have grudged no labour 
on my part to make them evident, and thus to give readers a clear 
view of subjects which to most minds are involved in obscurity. 

250. Specifio Unbbgt. — The relations between matter and energy 
in form of heat (specific heat, § 196), and the resulting changes of 
physical state (latent heat, § 248), have no connection wi& the 
generation of electric energy except indirectly in some minor 
degrees, and principally as affecting resistance. The relation to 
be now studied is that of chemical actions. 

The facts have been carefully studied by Andrews, Favre, and 
Silbermann, by Joule, Thomson, and many others, mainly under 
the form of heat ; Favre, however, our cluef authority, has used 
electricity, not only as a check, but also as a basis of reasoning by 
which to anticipate experiment, and deduce laws and figures not 
readily obtain^ direct from experiments on heat. Therefore, 
though seeking to place these facts to some extent in a new light, 
I am offering no new theory, but merely trying to systematize and 
draw important lessons from facts and Lftws already established. 

251. Combustion. — The act of combustion or burning is a 
common instance of chemical combination, and at present we may 
consider it as simply combination, the union under the influence of 
chemical attraction of atoms of carbon, or hydrogen, &c., and atoms 
of oxygen. There really is also a decomposition of the molecules 
of these bodies, but that we are not now in a position to estimate. 
Now, as it is a fundamental maxim that we can create neither 
matter nor force, and as this action gives us an available free force 
in the form of heat — where does this force come from ? Evidently 
from the atoms entering into union. 

+ O2 = CO2 is l£e symbol of burning carbon, producing 
carbonic acid (or more properly anhydride), and Hj -|- O = H^O 
hydrogen burning into water, but these symbols give us no informa- 
tion as to the source of the force. It is, however, evident that 
before combination there was some force present tending to cause 
union, which we may call af&nity, and that when the union is 
effected, the resulting substance must have within it less combined 
energy than its components had before, because the act of union 
has set force free in the form of heat. This is usually treated as 
a mere incidental consequence of the affinity ; however, it bears 
an exact ratio to the chemical force, and may be made to give 
meaning to the old diagrams of elective af&nity ; by fixing attention 
upon it, as the " specific energy," capable of exact estimation, instead 
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of the vague ^ affinity/' we shall better understand the facts. Thus, 
using the equivalent notation, the burning of carbon is 

C + = CO) , ,,:« X ;, 

6 8 lA I "^ ^4 foot-pounds, 
6 "^fs " ^2^') + 9^^4 foot-pounds. 

Here the energy set &ee by the act of combustion is expressed in 
foot-pounds ; it is the '* specific energy," the measure of the force 
which holds together the atoms composing carbonic oxide, GO, and 
carbonic acid, 00^ ; not wholly so, however, as the great difference 
between the two figures is due to the fact that a large portion of 
the energy of the first atom of oxygen is rendered latent in convert- 
ing the solid carbon into a gas. We cannot be sure that all of i 
the four centres or valencies of carbon, § 6, have attached to them 1 
equal specific energy, or we might be able to calculate the force I 
from that given by complete combustion, but in examining actions | 
under the influence of electricity, light will be thrown on this. 

252. Salts. — Combustion or oxidation is only one step in I 
chemical combination, for almost all the substances used in electri- | 
city are salts, this term really including acids. The older view of 
salts, Berzelius's electro-chemical theory, supposed the first step to ' 
be oxidization, forming substances which were either acids or bases, | 
according as the element was placed in the electric order, and partly, 
also, according to the number of oxygen atoms combined, and these 
two bodies, preserving their originiJ electric relations, combined to 
form salts. Although this theory is abandoned, it has still so far a 
real basis of truth, that the chemical attractions of the elements do in 
great degree correspond with this arrangement, which so far survives 
in the new chemistry that the old electro-negatives are still called 
chlorous or acid radicals, and electro-positives basylous radicals. 

Chemical considerations, and especially the behaviour of acids 
and salts under the action of the galvanic current, led to the adop- 
tion of the binary theory, which treats them as composed direct of 
two radicals, of which the acid, or chlorous one, is a compound 
containing the whole of the oxygen, while the basyle is an element 
or a compound having properties analogous to those of elements. 
On this view the formulsd of sulphates are 

H2,S04] fHASOa 

Zn,S04> instead of ^ZnO,S03 
K2,S0j [KASOa 

The ordinary acid being a salt of hydrogen, which is simply dis- 
placed by the other atoms possessed of higher " specific energy." 
This theory accords thoroughly with all the facts of electrolysis, 
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and is that to whicli belong all the formnlsd used in these pages. 
The older view of salts has, however, a present nse in calculating 
the specific energy of acids and salts. 

Eetnming to the constitution of salts on the old theory : SO3 fonr 
highly negative atoms unite to form a strong acid, sulphuric (now 
called sulphuric anhydride) ; hydrogen as H2O forms a weak base — 
water; while ZnO forms a stronger, and potassium, K2O, the strongest 
base. By combining again, SO3 + HjO forms ordinary sulphuric 
acid, from which the stronger bases can displace the water, forming 
in turn SOgZnO, and S03,K20, sulphates of zinc and potassium. 

253. Elements and their Enebgt. — I have put together in 
Table XIII. the principal elements employed in electricity, and 
the most important information as to them. Columns I., II., and 
in., are the names, symbols, and atomic weights on the new notation, 
§ 12, now generally adopted ; IV. the old chemical equivalent,which 
is also the weight taken in grains, to which Columns YII. and YIII. 
refer ; V. is the valency, see § 6, p. 4 ; VI. shows the weight cor- 
responding to one unit of electrical current, the chemic, varying in 
some instances where two classes of salts are formed ; VII. is the 
energy of union with oxygen; and VIII. that with chlorine of 
the equivalent, in grains, Column IV. These two columns are the 
specific energies of these chemical combinations, § 250. In 
some cases two values are given ; they are different results obtained 
by Andrews (the upper row) and by Favre : the same remark applies 
to the other similar tables. Column IX. is the electric equivalent in 
grammes of the veber, per second. 

It is commonly stated, on the authority of Faraday's early experi- 
ments, that electricity, passing through several solutions, decomposes 
them in the ratio of the several equivalents (Column IV.). This is not 
the case; this idea of tJie equivalent of electricity is a delusion 
based upon the accidental nature of the experiments. The truth, 
which became manifest only as the modem chemical theories were 
developed, is shown in Column VI., which shows that the quantity of 
any element released depends not upon its equivalent merely, but 
upon the state of combination in which it exists, see § 109, ^at is 
to say, the valency of the radical it forms. 

254. Combination op Eadioals. — It is evident that whether we 
call the formula of zinc sulphate, for instance, ZnO,S03, or Zn,S04, 
we have the same number of atoms, and, let them have come 
together how they may, the ultimate result is the same, l^ow, we 
can actually build up this molecule on the first formula ; that is, we 
can dissolve the oxide of zinc in sulphuric acid, while we cannot 
form it on the second formula because SO4, the sulphuric radical or 
oxy-sulphion, is not capable of separate, uncombined existence. 
We are thus able to get at the specific energy of the sulphates 

p 2 
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indirectly, by first ascertaining the heat of oxidation, and then that 
of solution of the oxide in acid ; we thus get the total force, but 
only approximately, as we cannot separate from the total the force 
due to change of physical state. Table XIY. giyes the result in 
foot-pounds of the experiments of Andrews and Favre, arrai^ed as 
in Table XIII. ; the considerable differences indicate the difficulties 
of the process. 

Table XIII. — ^Elements and theib Pbopebtieb. 



I. 


u. 


IlL 


IV. 


V. 


VI. 


vn. 


vin. 


TX. 


Name. 


Symbol. 


Atomic 
wdghL 

New. 


Equiva- 
lent 

Old. 


Valency. 


Electric 
Equiva- 
lent. 


Intrinsic Energy. 

Foot-pounds per 

9ratn Equivalent. 


Veber Equi- 
valent in 

Grammes. 
H»0 = 
* 00092. 




Oxygen. Chlorine. 


Aluminum .. 
Gabbon .. .. 
Ghlobine 


A1 

01 


27*5 

13' 

35'5 


n'7 
6- 

35*5 


3-6 

4 

I 


ri7 

35*5 


• • 

/ 3946 

\ 9624 

• * 


as CO 
as CO, 

• • 


•0009370 
•0036289 


OoPPEB(tc) .. 


Ou 


63-5 


31-75 


2 


31-75 


/ 3802 
I 4345 


6o36\ 
5861/ 


•0032456 


„ CUPREOUS 

GK)LD (ic) 

„ AUB0U8.. 

Hydrogen .. 


Cu, 
Au 

• « 

H 


127- 
197- 

• • 

I' 


« • 

197- 
I* 


2 

3 

I 

I 


63-5 
65-7 
197- 


. ■ 
* • 

/ 6726 
\ 6841 


• • 

• • 

• a 

4802^1 
4721/ 


•0064912 
•0067126 
•0201378 

•0001022 


Iron (pus) .. 

„ FERBIO .. 


Fe 


se- 
lla* 


28- 

• • 


2 
6 


28- 

• • 


/ 6565 
I 7510 

• • 


649 1 \ 
9857/ 

• • 


•0028622 

■ • 


Lead .. .. 

Manganese .. 


Pb 

Mn 


207- 

55- 


103-5 
27-5 


2 
2-6 


103-5 

• • 


I 5494 

• a 


8880I 

• • 


•0105800 

• • 


Mercury (ic) 


Hg 


200 • 


100* 


2 


IOC* 


{■■ 


"'1 


-0102222 


„ MEROUROUS 

Nioeel .. 
Nitrogen 
Oxygen.. 
Platinum (ic) 


Hg 

Ni 
N 

Pt 


• • 

59* 

14- 
i6- 

197- 


* . 

29-5 

14* 
8- 

98-5 


I 
.2 

3 
2 

4 


200* 
29-5 

4-7 
8- 

49-25 


• • 

• a 

• • 

• • 

• • 


• • 

• • 

• a 

• • 


•020^<1i^4 

•003II55 

•0004884 
•0008187 

•0050345 


Potassium .. 


K 


ag- 


39* 


I 


39- 


U5135 


20740^1 
19996/ 


•0039867 


Silver . . 


Ag 


ios- 


io8- 


I 


io8- 


I I214 


6908/ 


.0110400 


SomuM .. .. 


Na 


23- 


23- 


I 


23- 


\ 145 93 


18785} 


•0023511 


Sulphur 


S 


32- 


i6- 


2-6 


i6- 


{3526 
6654 

/ 8394 
I 8427 


6297 

• • 

ioo8o'l 
9985/ 


•0016355 


Tin (ous) 

„ stannic . . 

ZiNO .. .. 


Sn 

• • 

Zn 


ii8- 

• * 

65*2 


59- 
32*6 


2 
4 
2 


59* 
1x8- 

32-6 


•00603 II 
•0120622 

•0033324 
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Table XIY.— Forob of Combination of Oxides and Aoids. 



Oxide of 



Ammonium 
Copper .. 
Iron 
Lead 
Potassium 
Silver .. 
Sodium .. 
Zinc 



Salphnric 


Nitric. 


/2759 
\2916 


2432 


2715 


I1533 


• • 
1271 


{21*58 


• • 

1915 


• • 


/r767 
\1834 


/3157 


2898 


I3193 


3079 


• ■ 


• • 

\1370 


/3216 


2779 


13139 


3034 


/2343 
12076 


2041 


1652 



Hydrochloric 

242 a 
2687 

• • 

1274 

• • 
195 1 



2839 
2989 



2918 
3003 
2104 
1649 



In the case of chlorides there is a certain complication, as 
seyeral actions have to be considered, (i) The actual combina- 
tion of HCl, which Table XIIL Column VIII. gives 4721. (2) As 
this is a gaseous body, its union with water gives further 3258 in 
forming the actual acid. (3) The heat of oxidation. (4) The 
union of acid and oxide. But we have now two products, the salt 
and water, and therefore the heat of this latter must be deducted to 
ascertain the energy of the salt itself; and this again includes the 
heat 4- or — as the case may be, of the act of solution of the salt. 



1. HCl 4721I 

2. Solution 3253 J 



7979 



The formulsd (equivalent notation) now give the several farther 
stages, taking for examples zinc and sodium : 



a. h, e. 



d. 



e. 



ZnO + HCl = ZnCl 
NaO + HCl = NaCl 
a. XIII. = ZnO 8427 



h. XIV. = 

c. Above 

e. XIII. 

d. ZnCl 
Solution + 



1649 

7979 

18055 
6841 

11214 

1242 

9972 



HO. 




HO. 




NaO 


14595 




3033 


HCl 


7979 




25605 


HO 


6841 


NaCl 


18764 



18867 



2U 
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The last fignres agree closely with those of the anhydrons 
chlorides, of which the zinc gives out heat in dissolving, and the 
sodium produces cold. 

I have in this way calculated the salts in solution, and Column IIL 
Tahle XY. is the force thus obtained of the several chlorides, while 
Column IV, is the force developed by simple combustion in chlorine 
gas. In this table I have given the forces in equivolts as well as 
foot-pounds, for use in after calculations. A similar process 
would, in the case of sulphates, be more accurate than the one 
employed, if we knew the real energy of formation of SO3, because, 
when uniting the acid and base we form water, as well as the salt. 
I have omitted nitrates, because the reactions vary greatly, and fall 
data are not attainable. 

Table XV. — Enebgt op Peoto-salts. 



I. 


II. Sulphates. 


Iir. Chlorides. 


IV. 


Basyl or Meftal. 


Ft-lb. per 
gr. equivalent 


Equivolts 
E. M. F. 


Ft.-lb. per 
gr. equivalent. 


Equivolts 
E.M.F. 


Chlorides by 
Combustion. 


Copper ., 
Hydrogen 

Irou 

Zino . . . . ... 

Sodium . . 
Potassium 


5878* 

8917* 

9668* 

10503- 

17732* 

18328* 


1*258 
1-919 
2-069 
2*248 

3*795 
3*913 


6857* 

7979* 
10599- 

112x4* 

18764* 

.19262* 


1*467 
1-707 
2*268 
2*400 

3*996 
4*i2i 


5861* 
. 4523- 

9857* 
9985* 

18785* 

19996- 



Is it not obvious that, by attaching figures like these to che- 
mical symbols, we give them a new meaning and force ? if the 
principle were fully carried out, how clear reactions would become. 
Why is it that iron and zinc decompose sulphuric acid while copper 
and silver do not ? The tables answer us ; the specific energy, i. e. 
the attraction of copper and silver for sulphuric radical SO4 is less 
than that of the hydrogen in the proportions shown, while that of 
iron and zinc is greater. If the deficient energy is supplied by 
heating, then copper and silver will react upon the acids : for the 
same reason nascent hydrogen or sulphuretted hydrogen can pre- 
cipitate the metals above hydrogen in the list, but not those below 
in acid solutions. Every chemical reaction is capable of similar 
measurement, and the day will come when we shall know just as 
well the mechanical equivalent of energy in such reactions as we now 
do the mass of matter taking part in them. 

255. Substitutions of Bases. — It follows from what we have 
seen that if, instead of directly combining two radicals, we substitute 
one for another, the force of the reaction will be equal to the 
difference between the attractions ; and thus, if we exchange 
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radical for radical in a descending series, at each step we get an 
instalment of energy set free, and it is found that these instalments 
bear a distinct relation to the electromotive force of batteries so 
constituted. The action of the Daniell's cell, which seryes as a 
convenient starting point for measurement, is simply the substitu- 
tion of zinc for copper, for zinc is dissolved at one plate, and 
copper is deposited at the other : the specific energy, therefore, is 

Sulphate zinc 10503 

„ copper 5878 

. 4625 

Andrews gives 5450 as the result of his experiments, but what 
the actual figure is, awaits more definite trials. 

However, we know pretty surely the amount of electromotive 
force this reaction gives, viz. i'079 volts, and Table XVI., with 
the preceding ones, will give readers pretty well all the information 
at present attainable; the upper figures are derived from those 
given by Andrews in calories per gramme as the result of his 
experiments ; the lower ones I have calculated from Favre's figures 
in the previous tables, and in the last column I have calculated 
these forces in volts, as compared with that of the Daniell taken as 
datum. 

Table XVT.— Force of Displacement op Metals. 



MetalB Displaced. 



PlatlQum 
Silver 
Mercury . 
Copper . 
Lead 
Hydrogen 



Metals Substituted. 



Lead. 



{9389 



Iron. 



8454 



3719 
3331 



\28i7 



Zinc. 



{ 
( 
{ 



17605 

• • 

9127 

9414 
6616 

5450 
6158 

3743 

3676 
3662 



Calculated in 
Volts. 



Zinc. 



3-485 

■ • 

1-807 

• • 

1*290 

• • 

1-079 

• • 

•741 
•730 



256. Elkctbomotivb Porcb and Spboifio Eneegt. — Having now, 
as far as present knowledge permits, ascertained the energy of the 
varions reactions employed in electricity, we have to discover how 
this energy is changed into an electric current, and to do this we 
must first ascerjbain the value in foot-pounds represented by the 
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Tolt — the measure of electric tencdon. Now it is obyions, that 
this being a static measnre, can no more be expressed bj itself in 
foot-ponnds than can the energy of a ton weight resting on the 
ground ; with the tension must be united time or motion. 

Just as the attraction of gravity acting through a unit of space 
furnishes the mechanical unit the foot-pound, so a unit E M F, a 
volt, acting through a unit resistance, an ohm, will give us a unit of 
electric energy if we employ some unit which shall take in it the 
position which the pound takes in the mechanical unit. The con- 
siderations dwelt on (see §§ 195-7) show us that the only proper 
element for this purpose is that quantity of matter to which Nature 
herself connects electricity, viz. 

=r-i = electric equivalent. 

Valency 

Any system of weights may of course be used, and when (as 
must some day be) this conception is adopted as a fondamental 
scientific principle, of course the gramme or decigramme will he 
used. At present and here, I of necessity use that weight which is 
used throughout, the grain equivalent or chemic current. 

A veber of current is the effect of one volt in a circuit of one ohm 
during one second, and this current is equal during the same time 
to 5*68 chemical units, or in ten hours produces 5*68 equivalents 
of chemical action measured in grains, see § 242. 

The energy developed in or absorbed by a circuit is in'the ratio 
of the square of the current, or, what is the same thing, of the 
electromotive force producing the current. This energy or work 
may be measured as heat, or in mechanical units ; and the value for 
a veber under unit conditions is in calories '24065, which for ten 
hours gives 

Veber equivalent, calory '24065 1*3813859 
Calories to foot-pounds, 3 '0639 . . 0*4862768 
Ten hours = 36000 seconds . . 4" 55^3025 

Foot-poimds 4*4239652=26544 

-T-5'^8 0-7 543483 

Foot-pounds per volt equivalent. . 3 * 6696169 = 4673 

Ten hours divided by 5 * 68 gives us 6338 seconds as the number 
of vebers required to effect one grain equivalent of action. Hence 
we get by the absolute system 

Wofk of veber, absolute units, 1000 . , 3 ,000,000 
Absolute unit in foot-pounds, XVII., L 3 . . ~ 4* 8676627 
6338 vebers 3*8019447 

Foot-pounds per 6338 vebers 3* ^^97^74 =4^73 
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The same resnlt may be obtamed in a yariety of ways, and e^b 
of these calculations (experiments made in figures) furnishes some 
data which, with others similarly obtained, I have transferred to 
Table XYII. for use in other cases. This result is of supreme 
importance, for it gives a definite meaning to the volt, which has 
hitherto been too ideal to grasp, see § 258. 

257. Conversion of Units. — As facts and figures are variously 
expressed in different works, and as by the doctrine of the Correla- 
tion of Energy, any form of energy is equivalent to, and may be 
represented in any other form, I give here the values of different 
units in such form as to feusilitate their ready conversion and use in 
such calculations as the foregoing examples, see § 249. 

Tablb XVII. — ^Values and Conversion op Units. 



Name of Unit. 



I. Absolute unit (gm-m-seo.) 
a. Ditto 

3. Ditto 

4. Gramme 

5. Metre 

6. Gramme-metre 

7. Calory (gm. degree C.) .. 

8. Ditto 

9. Calory per gramme . . 
10. Ditto ditto 

II. Volt (io«) 

12. Obm(io7) 

13. Veber (10* -f- io7) per sec. 

14. Ditto(current for equal time) 

15. Ditto work of (10-*)* X io7 

16. Ditto ditto per ohm 

17. Ditto ditto ditto 

18. Ditto heat of ditto 

19. Ditto work for 1 equiyalent 

20. Ditto time of ditto . . 

21. Chemic in 10 hours, §110 
32. Ditto as current . . 

23. Ditto work of per ohm . , 

24. Equivolt, § 257 

25. Ditto 

26. Ditto 

27. Ditto 

28. Ditto (to lb. degree Fah.) 

29. Ditto per grain equivalent 



Value in 



Gramme-metre .. 

Calory 

Foot-pound . . 

Grains 

Feet 

Foot-pound . . 
Gramme-metres . . 
Foot-pounds 
Ft.-lb. per grain.. 
Equivolt ditto .. 
Absolute units .. 

Ditto 

Ditto 

Ghemics 

Absolute units . . 
Gramme-metres . . 
Foot-pounds 

Calory 

Foot-pounds 
Seconds 
Vebers 
Veber . . . , 
Foot-pounds 

Ditto 

Absolute units . . 
Gramme-metres . . 
Calories 

English heat units 
Caly. per grm. eq. 



X Decimal. 



+ Logarifhm. 



•101296 
•00024065 
•000737335 

15*434 
3 •28089 
•0072339 

423-55 
3*0639 

•198547 

•0000425 

100, 000 • 

10,000,000* 

•01 

5*68 

1,000* 

101*926 

•737335 
* 24065 

4.673' 
6.338- 

6.338- 

•176056 

822^75 

4673* 

6337950' 
646004 • 

1525^210 

^•0523 

23540-1 



— i^oo82849 

-4-3813859 
"~4^8676627 

I •1884785 

©•5159916 

-3*8593721 
2*6269047 

©•4862768 
-I •2977983 
— 5^6281909 

5 '0000000 

7*0000000 

— 2^0000000 

0-7543483 

3*0000000 

2 •0082849 

"1*8676627 

-1-3813859 

3-6696074 
3 •8019447 

3*8019447 
-1*2456517 

2*9152666 
3*6696074 
6*8019486 

5*8x02353 
3*1833306 
0*7819901 
4-3718091 



258. Thb Equivolt. — This is the name I propose for the iiiiit 
suggested in § 256, which unites the ideas of '^ quantity" and 
tenfiion, and connects them as a definite value with the atomic 
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theory and notation of chemistry, and as may be seen from its 
uses, will act as the unit of the correlation of forces. The name is 
compounded from the *' equivalent " as the basis of quantity, and 
the volt as that of tension. 

The equivolt then is — 

(i) Energy equivalent to 4673 foot-pounds exerted upon an 
equivalent of chemical action under a tension of i volt electro- 
motive force. 

(2) The mechanical energy of i volt electromotive force exerted 
under unit conditions through i equivalent of chemical action in 
grains. 

(3) The energy absorbed in overcoming each ohm of resistance 
in a circuit in which a unit current passes at the normal veber 
rate — that is, i chemical equivalent in 6338 seconds: i equivolt 
of energy is absorbed in tiie total resistance, per equivalent of 
current under any other rate for every volt of electromotive force 
producing it. Also in any circuit and for any current there is 
absorbed i equivolt per ohm, multiplied by the square of the 
current in vebers, or tiie square of the electromotive force in volts, 

4673 X C2 X R. 

(4) The source of just so many volts of tension or electromotive 
force from any chemical reaction as i equivalent of that chemical 
reaction (measured in grains) will produce equi volts of energy ; in 
this aspect, therefore, the volt and equivolt may be considered as 
the same thing ; thus the total energy of zinc and sulphuric acid is 
10,503 foot-pounds = 2*248 equivolts, and the utmost electro- 
motive force zinc and sulphuric acid can produce is 2*248 volts. 

(5) It may also be regarded as a motion (not a velocity) of 
I pound through 4673 feet in 6338 seconds. 

The Equivolt as the Unit of Correlation, — The doctrine of the 
correlation of forces or equivalent conversion of any one form of 
energy or '* mode of motion " into others, is the grandest and most 
fruitful of all modern scientific achievements; its value is, how- 
ever, obscured, and its work greatly limited by the system hitherto 
employed of using arbitrary units diflfering for every form of force. 
Those who have understood the principles involved in the previous 
sections of this chapter now see that the equivolt supplies the 
much needed common unit of measurement for the forces. When 
adopted generally, as it inevitably must be, it will in all probability 
have a different actual value from that given here, for the simple 
reason that I have worked up to it from the unit of current used, 
viz. the grain equivalent, and have for convenience of readers, used 
the EngHsh measures ; but no definite generally-employed scientific 
measure will ever be collated to any system of measures so absurd 
as the English, and therefore it will ultimately be converted to the 
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gramme equivalent, and so multiply all the actual values given 
here by 15*434. 

That is only a matter of detail ; the principle is to express all 
the different forces in a single unit, to connect that unit with the 
atomic and equivalent constitution of matter used by Nature, and 
to make the unit itself one which is readily capable of actual 
measurement and experiment ; all this the equivolt does, and while 
it facilitates calculations, and will make the different relations of 
force more readily apparent, it is of course to be converted in a 
moment to any olJier unit by multiplying by the proper constants, 
as given in Table XVII., p. 217. 

259. Contact and Chemioal Theories. — Having now ascer^ 
tained, as far as existing data permit, the force generated by various 
chemical actions, and the force necessary to produce a given electric 
current, and having reduced these to one common measure in foot- 
pounds and equivolts, we have to learn how the one is converted 
into the' other. 

From the first days of the discovery of current electricity by 
Gal van! and Volta, two theories have been sustained, (i) The 
contact theory, which supposes that at the point of contact of two 
dissimilar metals, a disturbance is effected in the supposed normal 
distribution of electricity, assumed to be a constituent of all bodies,' 
which, extending to bodies in contact, sets up electric and chemical 
effects. (2) The chemical theory, which regards the chemical 
actions accompanying the current as the real source of the action. 
The last theory is the one now accepted, as the contact theory is 
wholly irreconcilable with many facts, although it has recently 
been revived by some of the leading mathen\atical electricians : the 
contact theory has*indeed many points of fiEiscination for minds of 
the mathematical type. 

The molecular theory adopted in these pages really combines the 
truths of the two others in one harmonious system. 

Admitting the existence of atoms and molecules as described 
(§§ 9 and 109), and the possession by them of mutually attractive 
powers varying in degree with their nature, it becomes self-evident 
that as soon as any two different substances come within the range 
of tlieir mutual attractions or in contact, they must exert a' disturb- 
ing action on the arrangement of each other's constituent particles : 
those atoms in the two bodies which have the greatest attraction 
for each other will necessarily turn towards each other, and weaken 
if they do not altogether overcome the attractions which hold them 
in their original arrangement : the disturbance thus caused is ne- 
cessarily propagated to the contiguous molecules; hence is pro- 
duced a consecutive orderly arrangement called polarization, tending 
to complete a closed chain or circuit, owing to the action of the par- 



220 



ELECTRICITY. 



tially released (or, us it is often, but erroneonsly, stated, repelled) 
atoms seeking fresh partners or points of union. 

260. Galvanic Cibouit. — We may find an illustration in mag- 
netism. We may regard the atom as a small magnetic needle, the 
molecule as two such needles mounted on a stem with their poles 
opposed, forming an astatic needle in which the attractions of tlie 
several poles satisfy each other ; now, this needle being suspended 
freely, will be indbSerent as to position, but if we bring a magnet 
near, the existing internal equilibrium is deranged, and the astatic 
needle will place itself in some position due to the external infla- 
ence ; the same will occur if we bring a second astatic or combined 
system near the first (they being capable of free motion in any 
direction) — they will arrange themselves thus : 



N- 



S- 



-S N- 



N S N S 



■N S- 



S 



N 



, or 



• • . • 



S N S N 

And if a number were so arranged as to place themselves freely, 
they would form a closed circle of astatic needles, or molecules 
polarized. Further, if one astatic pair be examined, it would be 
found that there is an attraction between the two constituents 
which would be measurable if the wire joining them were a spiral 
spring, which would be compressed by this attraction ; but looking 
at the second arrangement of the needles above, we perceive at 
once that as soon as the separate systems exert part of their attrac- 
tions externally or along the dotted line, the internal bond, the 
spiral spring, would have less force exerted on it, and the needles 
would increase their distance ; that is, the intramolecular forces are 
weakened, and an intermolecular attraction set up. A very similar 
illustration will throw light upon the processes by which we may 
conceive the transmission of energy as current along the wire. 
We may imagine a line of equidistant supports carrying magnetic 
needles, which can therefore turn on their axes but not change place. 

N S N S N_S N_S _S 
+- +- +- +- + 

Such a system would arrange itself in polar order, and on the 
presenting of a S Pole, S + > ©ach magnet would in turn revolve and 
transmit this motion along the line, or if the terminal magnet were 
forcibly moved a similar action would occur, and by it mechanical 
energy would be transmitted, losing itself partly on the way by 
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friction ; the more distant magnets would also have less effort 
exerted upon them, under conditions analogous to the fall of 
tension in a conductor, § 215. 

261. Polarization by Positive Metal. — These ideas are readily 
transferred to the atoms and molecules of matter, for there is yeiy 
great reason to believe that every atom is endowed with a species 
of polarity similar to that of the single needle. A piece of zinc is 
immersed in sulphuric acid and the molecules in contact instantly 
arrange themselves thus : 

- + 

one of the atoms of zinc attracting the sulphuric radical SO4, and 
weakening the previous internal attraction of this for the hydrogen 
which, with the second atom of the zinc molecule, similarly exert- 
ing external force, acts in turn upon other molecules, till a complete 
chain is formed through the lines of least resistance ; if we con- 
tinue the formulsB through the action of a Daniell's cell, that is, 
through sulphate of copper and a wire, it is easily traced. 




- Zn. Zn. SO4 Ha- SO4 Cu. Cu. Cu. + 



The upper brackets show the original molecules, the lower one the 
new attractions exerted and new molecules ultimately formed ; the 
diagram thus shows one atom of zinc removed from one plate and 
one atom of copper deposited on the other, while the free atoms of 
zinc and copper propagate the polarization through the connecting 
wire. A single molecular action is shown here for simplicity, but 
the full effect can be traced out only in a number of such chains 
parallel and completed. At present we only seek to examine, not 
the complete action but the forces engaged in the action of one 
molecular chain, and the diagram shows it to be the specific energy 
given up by zinc combining with sulphuric radical, less that 
absorbed in separating copper from the same radical; energy which 
appears as heat in ordinary circumstances, as electricity when the 
polar chain can be formed; in this latter case disruptive action 
occurs under a degree of force which would not permit direct 
chemical reactions ; in fact, the best practical electromotors are of 
this class, where the chemical affinity produces, not disruption, but 
only tendency to it, i.e. polarization, the actual disruption and 
complete chemical reaction only occurring when the chain, being 
completed, allows the force to be distributed along it. This, as a 
fact, is already generally understood, but the process by which it 
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takes place is not, and yet more, the electromotive force is gene- 
rally set down as holding some direct and simple relation to the 
specific energy or chemical afi&nity alone, which is not really the 
case, § 266. 

262. Actions at Negative Plate. — We have seen, § 254, that 
the total force possibly to be obtained from the equivalent of zinc 
sulphate is 10,503 foot-pounds, or, the volt being 4673 foot-pounds, 
we may say that the gross electromotive force of zinc is 2 ' 248 
volts, less deductions to be now ascertained, (i) There is the 
energy absorbed by the substance set free — copper in the Daniell ; 
nitrous gases in the Grove and Bunsen, chromic alum in the 
bichromate (some of these may be simplified by regarding the 
process as the liberating of oxygen from prior combination), and 
most serious of all, hydrogen in the single acid cells. (2) There is 
the e£fect of the negative plate itself, and this has hitherto been 
generally overlooked, although it is well known that the electro- 
motive force of a cell varies with the nature of the negative plate. 
The theory now under consideration will tell us why. We have 
seen the zinc polarizing the liquid, but on the same principles 
every metal would attract the acid radical and tend to produce 
polarization. Hence the force of polarization produced on the 
chain is the difference between the two attractions of the metals ; 
this means a struggle between the two metals for the possession of 
the sulphuric radical, and only the balance of the greater force is 
available to eject, say the hydrogen, and having done this at an 
expenditure of 6841 foot-pounds the residue is all that remains to 
develop into electromotive force, and ultimately into work, and 
into heat distributed according to the well-known laws of the 
ratio of the resistance. The total possible force of a Smee or 
similar cell is therefore — 

Total force of zinc .. foot-pounds 10503 = volts 2*248 
Absorbed by hydrogen „ 6841 „ 1*464 

= 3^^2 „ -784 

and from this has to be deducted the counter effect of the negative 
or collecting plate. 

263. Here we have the explanation of the rapid failure of power 
of the single acid cells, such as the Smee, § 121. The EH F 
tested in such a way as to prevent its working, as by condensers or 
against a very high resistance, is much larger than this. Clark 
gives it as i '098 and as only '487 when working ; the difference 
is probably the energy absorbed in rendering hydrogen gaseous ; 
for under the first condition (high resistance and very small cor- 
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rent) the hydrogen set free does not actually become a gas, it 
either forms a Hquid (metal) film on the plate, or enters into a 
partial union with it, or is dissolved in the liquids, and the force 
which would be required to gasify the hydrogen is, therefore, 
available for electromotive force. 

264. In estimating the counter force of the negative plate we 
require some starting point to fix an actual value on what is other- 
wise only relative, and carbon offers a material whose counter force 
is so small that in the general uncertainty of the figures at present 
available, we may safely count it as nothing, because, although a 
conductor like the metals, unlike the metals it has no power to 
replace hydrogen as a base, or to form salts with acid radicals ; 
hence it is that, properly treated, carbon gives the highest attain^ 
able force, and that we may assume, without much risk of error, 
that the force it gives is the force of the + metal, less only that of 
the substance set free at the — plate. This applies, however, only 
to nitric acid and similar cells, on accoimt of the great capacity 
carbon possesses, like platinum, of condensing hydrogen upon its 
surface. 

Taking the value of the nitric acid cells as given by Clark, 
Table XYIII., and expressing all the forces and actions in the 
equivolt, we obtain, as a starting point, the force absorbed in 
decomposing nitric acid. 

Total force of zinc volts 2*248 

Carbon in Bunsen cell .. .. „ 1*964 

Force absorbed by nitric acid .. „ '284 

In the Grove cell, all the conditions being the same except that 
platinum replaces carbon, we have 

Force of carbon 1*964 

„ platinum 1*956 

Counter force of platinum .. .. '008 

These examples show the processes employed in calculating the 
following tables.* 

♦ There are peculiarities hitherto unnoticed in the behaviour of carbon and 
platinum as negatives. In some experiments I have used two plates of the same 
size in different reagents. In dilute acids and in chromic acid I found the E M F 
with carbon one-sixth greater than with platinum. But when the same plates 
were used in nitric acid, the platinum gave very slightly the greater force. This 
would indicate a source of the different results by different experimenters : the 
carbon is known to vary in quality and so does platinum, and besides this there in 
probably a different relation with each variation of quality, to the acid radicals of 
different excitants. 
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265. Eleotbomotiyb Fobob of Oells. — Table XYIII. is com- 
piled from various sources, as there is a great difference in the 
values given by different authorities. My own determinations, made 
for the calculations now being considered, were made with a sine 
galvanometer through a resistance of 1500 ohms, and with the 
apparatus described, § 2 69. They only claim approximate accuracy, 
but answer the purposes for which they are used. 

Table XIX. ^ows the electromotive force of Grove's cell under 
different conditions; it is derived from Foggendorf, and is very 
instructive. The different force given by the acids in different 
degrees of dilution well illustrates the mode of conversion of 
specific energy into electric force. As we mix the ac:id with water 
it develops heat, and this means loss of potential energy, therefore 
a dimini^ed amount available for use ; for the same reason heating 
the liquids increases electromotive force. Still my ewn experiments 
do not show that this source of force produces anything like the 
effect shown in lines 1 1 and 1 2 of Table XYIIL, on the authority of 
Clark and Sabine ; I find that the dilution of the excitant sulphuric 
acid seems to affect mainly the resistance rather than the E. M. F. 



Table XIX.— Foboe of Gboye's Gell. 



Zinc in Salphnric Add. 



Specific gravity i * 136 

1*136 

I '060 

i'i36 

„ „ I -060 

Sulphate of zinc . . 

Gommon salt 



n 
n 
it 






Platinum in Nitric Acid. 



Concentrated .. 
Specific gravity 1*33 

» ,. 1*19 

» ., I '19 

,. » 133 

„ I '33 



Force. 


1*955 
I '809 


1-730 
I-68I 


1*631 
1-673 


1-905 



I have found in all cases, as shown in the last line, that solution 
of salt in contact with acids gives a higher electromotiye force 
than sulphuric acid does, this being due to the reaction of the two 
hquids upon each other, which comes in aid of the zinc. It will, 
however, give higher current only when the external resistance is 
large, as its own greater resistance counterbalances the extra force 
it generates. A glance at Table XY. will explain this, as Ool. TTT. 
shows that the force of chlorides in solution is greater than that of 
sulphates except in the case of the acids themselves : the conse- 
quence is that sulphuric acid acts upon salt, the chloride of sodium, 
and metallic chlorides are produced together with sulphate of soda, 
and this extra force is added to that of the circuit, as it is in the 
same direction. 
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Table XX. oontams my own experiments on the nitric acid and 
similar cells, arranged to show both the effect of different ozidizisg 
agents, and also the effect of different metals as positives : 

Table XX.— Foboes of Eleotbomotobs. 



I. 


IL 


IIL 


IV. 


V. 


Negative CeU. 


Positive CelL 


ElectromotiTe 
Force. 


Total Force 
of Positive. 


Loss by 

Reaction. 


Platinum. 


Sulphuric Acid 
1 to 10 water. 


Nitric acid, sp. g. i * 324 
» 

n 
»♦ 

Nitrate of soda and snl-j 
phurio acid f 

Bichromate of potaah . . 


Zino 

Iron 

Copper 

SUver 

Zinc 

Jron 
Zinc 


1*761 

1*184 

*786 

*678 

1*540 

1*096 
1*905 


2*348 
1*671 
1*273 
1*165 

• ■ 

• • 

a • 


•487 
>» 
n 
n 

•708 

• * 
•343 



266. FoBOB OF PosrnvB Metals. — From the force given by 
each combination in Table XX., and using the force of zinc already 
obtained by calculation from Favre's experiments as the starting 
point, the value of other metals is readily arrived at. Taking 
2*248 volts or equivolts as the total value of zinc, the actual 
force generated under any given conditions gives the loss or force 
absorbed by those conditions. In the Grove we have 2*248 - 
1*761 = '487; all the conditions, except the positive metal, re- 
maining unchanged this is a constant loss, and by adding it to the 
actual force each metal yields, we evidently obtain the total force 
that metal can generate. I give in Table XXI. the results of 
several such processes, and also the value derived from Favre s 
figures of the sulphates. 



Table XXI. 


— FOBOE OP 


PosmvE Metals. 




Single OeU. 


Zinc 


Iron. 


Copper. 


Silver. 


Table XXI 11., Co1.il .. 

Daniell's 

Grove's, XX., Ool. IV. .. 
Favre, XV 


2*248 

»» 
n 
if 


1*723 
1*702 
1*671 
3*069 


I -280 

• • 

1*273 
1*258 


1*174 

• • 

1*165 

• • 



These figures agree among themselves more closely than those 
given by different authorities for the same experiments ; but iron 



ELECTROMOTIVE FORCE. 



227 



presents an anomaly, owing, probably, to its capacily for forming 
two sets of salts. However, while Favre's figures make its value 
2 •069, Andrews' give it as i'888, so there is obviously room for 
farther information. 

267. Counter Force of Negatives. — It was pointed out in § 262, 
that while the chemical action at the positive metal is the source 
of the electromotive force, there are two actions at the negative 
plate which diminish or absorb part of this force ; the first of these 
is the opposing power of the negative plate itself, which we may 
call the counter force of the negative. This can be ascertained, 
like the positive force, by keeping all conditions constant except the 
negative plate. Table XXII. gives the forces produced by both 
sets of changes at one view. 

Table XXII. — ^Force of Metals in Sulphueic Acid. 





Positives. 


Negatives. 


Silver. 


Copper. 


Iron. 


Zinc. 


Platinum 

Silver 

Copper 

Iron 


•293 

• • 

• • 

• • 


•399 
•139 

• • 

• ■ 


•842 
•582 
•236 

■ • 


1-367 

1*107 

•861 

•558 



The platinum line and zinc column are the observed figures ; the 
others are calculated from them. The forces are those produced 
against such resistance as prevents the formation of gas ; by de- 
ducting '583 from them we get the force under working conditions 
(§ 262), though here, again, iron shows a discrepancy, as it would 
appear that iron and zinc would not produce a working current, 
though in fact they do. 

As the full force of zinc is 2 * 248, and i * 367 is the highest actual 
force, we have 2*248— 1*367 = '881 as tibe constant quantity to 
deduct from the total loss which each negative metal shows in the 
same way with zinc ; thus silver and zinc give i • 107, which, taken 
from 2*248, leaves 1*141 — •881 = '260 as the counter force of 
silver. In this way Column III. of Table XXIII. is obtained. 

I may here remark that platinized silver, though coated with 
platinum, acts precisely as sUver so far as the force is concerned'; 
its value is in throwing off the gas, and so diminishing resistance.; 
and hence it would appear that it is more economical in the long 
run to use platinized platinum than the cheaper silver always 
used. 

Columns IV. to VII, of Table XXIII. show the net force due to 
the metals of each combination ; that is, deducting the counter effect 

Q 2 
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of the negatiye plate, bat not that of any chemical reaction, whicb 
is considered separately in next section. Some \mters say that 
this relation is constant for all liqnids, but this is entirely mis- 
leading ; it is wholly a matter of chemical reactions, and the rdbitioiiB 
may even be reyersed; thus iron is positiye to copper in acids, 
bat copper is positiye to iron in salphide of potassium and other 
liqaids. See § 164, p. 117. 

The figares in the table are based on solpharic acid, bat are 
approximately correct for all the ordinary combinations, as may be 
seen by Table XXI. : 

Table XXIIL — ^Fobce of Metals m Volts. 



I. 



n. 



Kamea. 



I Total M 
Pofitlyesin 
Sulphailo 
Add. 



Carbon 
Platiuum 
Silver .. 
Oopper 
Izon .. 
Zino .. 






o 

(?) 

i'i74 

1*280 
1*723 
3*248 



in. 



Coanter 

ForoeM 

^«gatlTea. 



ly. 



V. 



VI. 



vn. 



Force of PosltiTM as opposed to Ocdium L 



Zina 



Iroo. 



Oopper. 



Silyer. 



O 
•008 
•360 
•506 
•809 



3*348 
3*340 
1-988 
1*743 

1*439 
o 



1*733 

I-7I5 

I "455 
1*209 



1*280 
1*373 

I'OIO 



I" 174 
I -166 



• ■ 



268. Chemical Oountsb Fobob at Nboatiyb Plate. — The 
second dedaction from the electromotiye force is the chemical 
action in the liquid in contact with the negative plate. In § 262 
the force of setting hydrogen free is set down as i '464 eqaivolts; 
this is in excess, no doubt, for it is the force of combustion of 
hydrogen, which includes the latent heat of gasification of oxygen; 
in full work, however, the batteries do really appear to absorb this 
amount, for the counter force of hydrogen coating the plate makes 
it up. Taking the force when hydrogen is not actually set firee as 
gas, we may obtain the latent heat or energy of gasification. 

Force of Smee observed 1-107 

„ silver zinc, Table XXin 1-988 

Difference = absorbed by hydrogen .. .. -881 

Force of combustion of ditto ^'4^4 

Probable latent energy of gases * 5 8 3 

This is the deduction to be made from Table XXII. to get the 
working force. By similar processes we can obtain the energy 
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absorbed in each of the different actions, and thus is formed 
Table XXIV. 

Table XXIV. — ^Force Absorbed in Nbgathtb Beactions. 

Equivolts. 
Single cells : free hydrogen i*4^4 

„ liquid ditto "881 

Nitric acid: fuming -284 

„ specific gravity 1*38 '360 

« 1*33 '43° 

I '32 -479 

Nitrate soda and sulphuric acid '708 

Bichromate potash .. '343 

Manganese peroxide '687 

Copper in Daniell '506 

By deducting the proper one of these figures from the proper one 
in Table XXIII., every information can be obtained as to the proper 
mode of forming batteries, and much waste of time and money may 
be saved in testing any idea which occurs as to a probable combi- 
nation; if the requisite metal or liquid is not in the tables, the 
first thing to do is to make a simple experiment, and add the result 
to the proper table. Such a process would at once dispose of many 
of the crude ideas which suggest themselves to experimenters. 

The figures in all these tables refer, of course, to the perfect 
condition of things, and at first starting ; in all cases the changes 
which occur in action soon reduce the force. 

269. Apparatus for Experiments. — As some readers may wish 
to make experiments on the electromotive force of chemical com- 
binations, I will describe the apparatus and process I have, after 
many trials, found most convenient, the object being to exchange 
one part for another rapidly, and without confusion or mixture of 
substances. 

(i) A stand fitted with two binding screws for the wires to go 
to the galvanometer and resistance, which conn^tions may thus 
remain undisturbed for any required time : the screws are con- 
nected to two mercury cups into which the wires from the elements 
dip, thus permitting these *to be instantly exchanged. 

(2) A U tube of glass or wood cemented, or, what is the same 
thing, a vessel with a partition descending nearly to the bottom ; 
this contains dilute sulphuric acid or any other liquid which is 
finitable to the other liquids to be employed at the two elements 
which it serves to connect. 

(3) A number of small porous tubes (3X1 inch are suitable) 
capable of being supported in the U tube at the proper height. 
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(4) The yarions metallic plates are each fitted with a wiie of 
such length as to dip into the cups on the stand while the plate is 
suspended in the porous tube. 

This apparatus permits the exchange of each of its eonstituents 
in an instant, and in trying various liquids there is little dis- 
turbance by endosmose, as the two porous cells containing them 
are immersed in a bath of intervening liquid. Of course, for 
experiments with manganese, sulphates of mercury, &c., a porons 
cell is to be mounted for each substance ; and in comparing nitric 
acid and other oxidizers, &c., a clean carbon must be used with each 
liquid, but platinum is better, if washed and made red hot. Either 
a tangent or sine galvanometer may be used, and in either case the 
first thing to do is to ascertain what deflection is equivalent to a 
force of I volt, as described § 176 : or such a galvanometer as the 
universal instruments, §§179, 180, simplifies matters by showing 
the results direct upon the dial itself. 

270. To Mbasube Electromotive Forge. — This has to be done 
in the terms of some standard cell, usually the Daniell, the force 
of which is known, but if the exact resistance, internal and external, 
of the circuit and the current generated be known, Ohm's formula 
C X B = E gives the force in volts, but as the force and resistance 
are constantly altering in a working battery, this process gives us 
the actual force at the time, not the potential E. M.F. of the battery. 

(i) With a delicate galvanometer, on which a fixed deflection can 
be obtained, the force of any cell or battery will be proportional to 
the resistance, including of course that of the galvanometer, &c. 
If the resistance is made very large the internal resistance of the 
cell may often be neglected i£ not known. 

(2) The same process may be used with small resistances and 
full currents, but in that case the internal resistance must be 
included in the totals. Both rules depend on the law that for 
equal currents the force is in direct proportion to the total re- 
sistance. By carefully measuring the total resistance in the case 
of a Daniell cell and dividing this by 1*079, ^^ E^^ ^ constant 
representing the force of i volt, and dividing the resistance 
which with any other cell gives the standard fixed deflection (on 
the same instrument, of course) by this constant, we get the force 
of the cell under trial in the same maimer as described more folly 
below as to Wheatstone's process. 

(3) With a very delicate sine or tangent galvanometer and a 
large resistance, the amount of which need not be known provided 
it is always the same, the electromotive force is proportional to the 
sine or tangent of the angle of deflection, and having once ascer- 
tained the angle given by a Daniell, and from it that due to 
I volt, the instrument can be marked, or a table made of the 
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deflections, so as to read off direct in volts the electromotiTe force 
causing the deflection. This is the plan used § 269. 

(4) Wheatstone's plan is available either with large or small 
resistances : it depends on the production of two constant deflec- 
tions. In this and the following cases I will use in the formulsB 
capital letters for the standard cell and small letters for the one 
to be measured, E, e being force in volts, B, r resistance in ohms, 
C, c current in vebers, B, b the standard cell and that to be 
measured. 

A is connected with such resistance as is necessary to produce 
the first fixed deflection, say 20% and a further resistance, B, is 
added sufficient to bring the deflection to a second fixed angle, 
say 10°. 

a is now arranged to give 20° ; the resistance required for this 
need not be measured, as it will vary with the internal resistances 
and has nothing to do with the calculation : further resistance, r, 

f 
is now added to bring the needle to 10% then 6 = E — in volts. 

B 

This may be simplified by once for all ascertaining the resist- 
ance value of I volt, and I will exemplify this by an experiment. 

A large Daniell with an external resistance of 2*41 ohms, and 
a total resistance of 2 '91, marks 20^ on a galvanometer ; an extra 
resistance of 3*11 brings it to 10^. Of course, it will require the 
same total resistance with every other Daniell, large or small, to 
reproduce these deflections, but the external resistances will be 
different in all cases for the first deflection; the second extra 
resistance will be always constant : it is, therefore, a figure repre- 
senting I *079 volts on this instrument between these angles, then 
1*079 - ' •'* 3'^^ •• 2*882. This gives the resistance equiva- 
lent to I volt, and all future experimental resistances divided by 
this give the force of the cell under trial — for instance, a Smee 
ceU in full work took i '35 extra resistance to bring the needle 
from 20^ to 10^. The formula works out thus : 

1*079 X — ^ = '468. 
'^ 3*11 

By using the constant obtained at the first experiment, the multi- 

plying by i '079 is for ever after unnecessary, for — ^^ = '468. 

2 * 882 

This is the simplest and best plan for obtaining actual working 

forces at any time. 

(5) Clark's potentiometer is, perhaps, the best mode of mea- 

snrmg the absolute tension or potential of a cell or battery. It 

is an instmment resembling Wheatstone's rheostat (Fig. 50, p. 
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157). In fact, by a slight modification the rheostat may be easily 
made to serre the purpose, as I will show. 




B is the rheostat, to which an extra binding screw is to be 
added to provide two circuits, from i through the whole wire to 2, 
and also from i through part of the wire to the travelling contact, 
and thus to 3. Any other apparatus may be used, even a long fine 
wire fixed over a scale along which the wire shown as connected to 
3 may be moved. 

E is a standard battery connected through a galvanometer, 6, as 
shown ; N P is another battery (both should be constant) connected 
with a resistance, r, which is to be varied till these two batteries 
exactly balance, and the galvanometer, G, shows no deflection, e is 
the battery to be measured, and is connected as shown (all three 
negative wires connected together at i), through a galvanometer to 
the shifting contact at 3. 

The effect is that in the wire of the rheostat or potentiometer 
we have every degree of tension from up to that of E, say i '079 
volts, if E is a Daniell : therefore as the shifting contact is moved 
by revolving the rheostat core, e has opposed to it every degree of 
tension, and a current will pass from or to it until the contact 
reaches the point of the wire in which the permanent tension is 
equal to that of e, when the galvanometer returns to o, and the 
sciede will give the tension in parts of that of E, and this being 
known, that of e is calculated from it. It would be easy, if a 
standard cell or battery were once fixed upon, to arrange the wire 
of the instrument so as to divide it into the actual volts of tliis 
cell; and then all future experiments would be read off direct 
without calculation.* 

* In the more tecent forms of the instrument this plan haa been adopted, and 
the cell described § 162 is used as the standard. 
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When the force of e is greater than tbat of E their positions are 
to be exchanged. 

Clark says that by means of a mirror galvanometer and a 
carefdl graduation of the instrument it is easy to measure tensions 
to the ten-thousandth or even hundred-thousandth part of a 
Daniell cell. 

(6) By Condensers, — The force of cells may be compared by 
the several charges they can give to a condenser, but this process 
is one most us^il in such technical work as testing cables, and 
those employed in such work will have access to those books which 
enter into this class of subjects more completely than is possible 
or necessary here. 

271. Measurbkent of Internal Eesistanob of Batteries. 

(i) By OhnCs Formula, — This may be ascertained by Ohm's 

formula when the electromotive force and current are known, for 

E 

— = R This is the total resistance, and deducting the external 

gives us the internal. 

(2) By Sine or Tangent Ckdvanometer. — By means of any known 
resistance produce a deflection; add further resistance until a 
deflection is produced whose value in current is exactly half that 
of the first. As the current is halved, it is clear the resistance has 
been doubled — ^i. e. the second resistance is exactly the same as the 
first ; therefore it is only necessary to deduct from this the known 
external resistance, including, of course, that of the galvanometer 
and connections, and the residue is the internal resistance. 

(3) By a Shunt, — This process, devised by Mr. Desmond Fitz- 
gerald, is by far the simplest. Prepare a shunt or connecting wire, 
&e resistance of which is exactly ike same as the sum of all the 
other external resistances — viz.]|the galvanometer, which may be of 
any kind, and all the connections (and if any work is doing, the 
resistance of that also). Fig. 66 will now make all plain. 

FiQ. 66. 




First connect as shown, so that the current firom the battery N F 
divides itself through the two equal resistances, (i) S, the shunt 
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(2) throngb O, the galyanometer, and B, tlie resistance mBtrument) 
and note very carefully the deflection at G. 

Now disconnect the shunt S ; the whole current then passes 
through the other circuit, and therefore the deflection at 6 in- 
creases. It will be seen that in this second condition the external 
resistance is doubled, because, by the laws of derived circnitBy the 
resistance of two equal circuits together is just half that of either 
of them alone, but the interned resistance of N P remains unchanged. 

Increased resistance is now added at B till exactly the same 
deflection as at first is produced in G; this extra resistance is 
exactly equal to the internal resistance of N P, because its addition 
brings the current to its original amount by doubling the internal 
resistance, as the removal of the shunt previously doubled the 
external. 

There are several other processes, but they require formnlsB and 
calculations, and I have selected the foregoing modes of measuring 
both the force and resistance of batteries as the simplest in principle, 
most readily performed, and accurate in results. 

272. Shunts. — ^These are derived circuits, § 238, and the term is 
of course derived from the railway process of shunting a train on to 
a second set of rails ; it is very useful to have at hand such secondary 
circuits prepared to correspond with instruments they may be 
required to be used with. Of course any wire led across connec- 
tions acts as a shunt for just such part of the current as equals the 
ratio of the resistance, and therefore a second resistance instrument 
serves the purpose ; but for such uses as that described in last sec- 
tion, it is convenient to prepare a special wire, equal to the known 
resistance of the galvanometer and fittings intended to be used 
for the purpose, and coil it up with its ends left just long enough 
for convenient use, and label it with the purpose it is made for. 

For other occasions, shunts are required bearing a known ratio ^, 
i-ioth, i-iooth, &c., of the circuit they are to be used with. The 
following formula gives the proportionate resistance in such cases. 
B is the resistance of the instrument whose indications we desire to 
multiply, n the multiplying ratio, and S the resistance to be given 
to the shunt : 

S = ex. — ^^— = • 5^53. 

w— I 100— I '^'^ 

273. Shunts should be made of the same material as the circuit 
they are used with, so as not to have their ratios disturbed by 
external temperature, § 223. 

It is impossible to avoid the effects of self -heating by the 
current : in order to have the same action in both circuits the wire 
of the shunt ought to increase in weight in the same ratio as the 
current it carries : but for obvious reasons of economy and con- 
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venience, this cannot be done : in fact the reverse is nearly always 

tlie case ; a thinner and shorter wire being used instead of a thicker 

and. longer. Therefore no shunts supplied with galvanometers can be 

relied on if more than momentary currents are passed through them. 

274. Work or Heat Varies as the Square of the Current. — 

Tlie following formulsB give the heat or work developed in any 

circmt or any part of it by expressing the various factors in their 

proper units, E in yolts, E in ohms, C in vebers, t is time in 

seconds, and c is the constant in each case representing, in Table 

XVII., p. 217, the value of a veber's work : 

1. C2 X R X < X c. 

2. C X E X < X c. 
E* X t X c 

3- — B 

That is to say, in the same resistance and time, the work of the 

current varies as the square of the current, or while on the formula 

E 
C = Tg-, the current itself under these conditions varies directly in 

the ratio of the electromotive force, the work or heat of the current 
varies in die ratio of the square of the electromotive force. 

This is a serious stumbling-block to many (especially when 
regarding electricity as a fluid) who cannot perceive for what reason, 
merely doubling the quantity of a fluid passing should endue it 
with fourfold force ; but all the mystery disappears when examined 
by the light of the molecular theory. Let us, then, study it in a 
simple experiment measured exactly by the figures we have already 
obtained. 

275. Let us take three exactly similar bichromate cells, A, A', 
A^, the force of each of which is, per Table XVIII., volts 2*028, 
the internal resistance taken as ohm o* 2 arranged as in Fig. 67. 

Fig. 67. 




6 is a galvanometer whose resistance we call ci, and whos 
value in vebers is known, §§176 and 179. 



236 ELEcraiciTT. 

B is a rheostat or resistance instniment for adjusting resistance 
and current as required. 

is a calorimeter, such as described § 192, the wire of which has 
a resistance of i ohm. 

D is a depositing yoltameter with two copper plates and a 
resistance of ohm o* 200. 

The functions of these two should be fully understood: D 
measures current or '* quantity," pure and simple; so long as a 
given current passes exactly the same weight of copper deposits in 
the same time, whether i or 50 cells be employed, and whether the 
resistance of D itself be *2 or 100 ohms. C measures the energy 
or heating power of the current in a fixed resistance ; if its wire be 
2 ohms instead of i, it indicates double work done; but if it be 
I ohm, but the ''current" be doubled, then it indicates fourfold 
work. 

276. We wish to obtain through this circuit with one cell a 

▼eber current, wliat must the resistance be? The formula is 

E _. 2-028 

j= = E. = 2*028. 

C I 

The fixed resistance is .. •• . ^ * 100 

' C I'ooo 

D '200 

1*300 

A, internal resistance '200 

B, rheostat and connections ; to be made = * 528 

2-028 

Under these conditions a current of i yeber passes, and there- 
fore in 6338 seconds i equivalent of chemical action takes place 
throughout the circuit; that is, 32*6 grains of zinc are dissolved 
in the cell A (independent, of course, of any local action), and in 
D 3 1 * 7 5 grains of copper are dissolved from one plate and deposited 
on the other, while in heat is produced equivalent to 4673 foot- 
pounds of energy : that is, enough to heat i lb. of water a little over 
6°Fahr. 

We must now assume a few conditions to adjust the experiment 
to the theory. Let us consider the wire of C as consisting of a 
single chain of molecules, along which during the solution of an 
equivalent of zinc 4673 impiilses or molecular vibrations are 
transmitted, each impxuJse being equivalent to i foot-pound of 
force for each unit of current generated in the chain ; these are the 
conditions of paragraph 3 of the definition of the equivolt, § 258. 
These figures, though assumed, exactly express the feust, for it is 
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precisely the same in the end whether one single chain repre- 
sents each action as i foot-ponnd, or whether a million molecular 
chains transmit each only one-millionth of a foot-pound ; the total 
figures are true either way, but the assumption enables us to form 
a definite conception of the facts, and to deal with them in simple 
figures. 

Under these conditions we may deal with the force in a simple 
Dr. and Cr. account, thus : 

Dr. Bquivolts. Ft-.lb. 

I equivalent of zinc 2,248 10,503 

Or. Ohms. Equivolts. Ft.-lb. 

Absorbed in deoxidation *22o 1,028 

As heat in cell : 

Struggle of polarization, m7 *ooo 

Besistance of cell .. .. '200 

Existence of general ciromt,| . g^g ^ .^^g ^g^^ 

Besistance of calorimeter i * ooo 49673 

2*248 10,505 

The value of deoxidation, * 220, is less than that given for the 
bichromate cell in Table XXIY., but as I am taking the force given 
by Clark, this necessitates the lessened loss in the reaction ; for 
the present purpose, however, the actual figures are of small con- 
sequence so that they are all duly proportioned. 

277. We now insert a second cell, A', and our force becomes 
4*056, the internal resistances *400, and therefore we reduce that 
of K correspondingly, leaving total resistance the same; then 

— = 2. Our current is now doubled — that is, G marks a cur- 

2-028 ^ 

rent of 2 vebers per second ; D deposits 63 * 5 grains of copper in 

the equivalent period of 6338 seconds, or twice as much as before ; 

but C marks heat equivalent to 18,692 foot-pounds, or 24*2 heat 

units, that is, fourfold force, instead of only double like the rest. 

Why ? There being two units of current there are two equivalents 

of zinc dissolved in each cell. There are two cells, and therefore 

we have fourfold energy given up by the zinc. But the chain of 

molecules is unaltered, except that by inserting the second cell 

we have doubled the strain put upon it, making it 4*056 volts 

instead of 2 *028, and therefore each molecular impulse has a force 

now of 2 foot-pounds; owing to this doubled energy it over 
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oomes the resistanoe in half the time, and therefore the current is 
doubled. 

But the consequence of this is that in the time of the experiment 
we have now 4673 x 2 = 9346 molecular impulses (which repre- 
sent the ''quantity" or current), each effected under a force of 
2 foot-pounds, and as resistance means, and is measured as, the 
effecting each such impulse in the single time, these conditions 
imply diat the work of oyercoming resistance in half the time is, 
for each ohm of resistance, 9346 X 2 = 18,692 foot-pounds. 

We now state the second set of conditions in a Dr. and Cr. 
account like the first : 

Dr. Equivolts. Ft.-lb. 

Cell A, 2 units of Zinc \l\lfr, " '^^'503 

' l2*24o .. 10,503 

Cell A*, 2 units of zinc .. .. 4*496 .. 21,006 

8*992 .. 42,012 

Or. Equivolts. Ft.-Ib. 

Deoxidation 4 units at * 220 .. * 880 4,1 1 2 

Absorbed per ohm : — 

In doubling current = 2*000 

In doubling force,! 
or halving time j 



2*000 



2X2 = 4-000 

Ohms. 
Besistance of cells . . '400 

Eedstanoe of general I .g^g ^.^^8 4-112 19,216 
Circuit J ^ ■^' 

Besistance of C .. ... I'ooo 4*000 18,692 

2*028 8-992 42,020 

The slight difference in the foot-pounds is owing to the use of 
eyen numbers and neglecting small fractions. 

The experiment with three cells would give exactly the same 
result, except that 9 equivalents of force per ohm are required 
to maintain a threefold current, and it is nee^ess to occupy space 
in working it out in detail. 

If in the second case we add an equal extra resistance, and so 
keep the current at the i veber as in the first case, we get i equi- 
valent zinc consumed in each cell, and the conditions hecome : 
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♦ 
Dr. Eqniyolts. 

2 equiyalents of zino = 4 '49^ 

Cr. Ohm. Evlt. Evlt. 

Deoxidation, 2 cells .. .. .. '440 

^Resistance : 

Cells '400 

Circuit .. -. '628 

Extra 2-028 2-656 .. 3'056 

C. Calorimeter .. .. .. .. i-cxx> 



4-496 



278. This may be stated in another way, whicli will exhibit the 
principle clearly. The units of measure we deal with embrace 
four elements: (i), weight moved; (2), space moved through ; (3), 
time during which motion is produced ; (4), the absolute force 
operating. The final result in any special case, as compared with 
the unit standard, will vary in the ratio of each and all of these 
four elements ; time, of course, in inverse ratio. The electrical 
measures are, in fact, linked to these several units. In our present 
experiment — (i) is a molecular impulse of i lb.; (2) is 4673 ft. 
(^and this also under the condition of imit current represents 
I ohm resistance); (3) is -the duration of i equivalent imit cur- 
rent, 6338 seconds; (4) is the volt, and in unit conditions links 
all. We have, therefore, in the first experiment of i veber current, 
forces as expressed in line A below ; in the second, of 2 veber 
currents in same resistance, the conditions are expressed by lines 
B and C, according as we regard the time or the current as the 
fixed element : 





I. 2. 


3. 


4- 






Current. Ohm. 


Time. 


Force. 




A.. 


.. I X I X 


I 


X I = 


I 


B .. 


.. 2 X I X 


I 


X 2 = 


4 


C .. 


.. I X I X 


i = 2 


X 2 = 


4 



279. From all this it follows that, starting with the normal 
amount of energy expressed in the units, the energy needed to 
generate current and the energy absorbed in the circuit or in each 
ohm of the resistance vary as a fact in the ratio of the square of 
the current passing ;. but it is very evident also that the statement 
that the work of a current varies in the ratio of the square of the 
current is, after all, only a mathematical expression based for con- 
venience upon a single one of the two varying conditions, as with 
static electricity, § 7 1 , p. 5 8 ; for the real fact, as shown in the several 
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Dr. and Or. aocoonts, is that it Taries not as the square, but in the 
direct ratio of the current, that is, of the number of molecnl&r 
actions in a given time, but that it also varies in the direct ratio of 
the force nnder which these actions occur ; it is because these two 
necessarily vary in exactly the same degree, one being dependent 
on the other, that the combined effect can be truly represented as 
due to the square of either one of them. The same principle will 
be found to underlie every action which varies in the ratio of the 
square of its apparent cause ; examination will always discover a 
second cause operating jpari passu, as is well illustrated in the laws 
of falling bodies, which furthermore are strictly comparable with 
the laws of '' current," and its force ; for, as before stated. Ohm's 
laws are simply the old mechanical laws in another form. 



( 241 ) 



CHAPTEB IX. 

BLSOTBOLYSIS. 

280, The name eledrdyais (breakmg up by electricity) is given 
to the process of transmission of the electric current through 
liquids, when accompanied by the disruption of the molecules com- 
posing the circuit, the constituent radicals of the molecules being 
set free at the two poles. 

The plates in the decomposition cell are called dectrodea 
(electric ways) : the plate connected to the + pole of the battery, 
the copper, platinum, or carbon, is the anode (way up, as carrying 
the current out of the battery) ; the plate connected to the — pole 
of the battery, the zinc, is the cathode (downward way). 

The liquid undergoing decomposition is the electrolyte. The 
molecules of an electrolyte break up into two radicals, which are 
called ions (indicating individuality, and in another sense meaning 
going). These radic^ or ions form the two classes described, 
§ 109, and illustrated in Fig. 40, p. 85. Those ions which turn 
towards the anode are called anions ; they are electro-negative or 
acid radicals, such as oxygen, chlorine, SO4, &c. Those which 
turn towards the cathode are called cations; they are electro- 
positives or basic radicals, as hydrogen and metals. The same ion 
may belong at different times to each of these classes, if united to 
one having a higher individuality in either direction, for there is 
no direct attraction between the electrodes and the ions themselves, 
but the relation depends simply upon the temporary polarity they 
assume in the circuit. 

Ions or radicals may be single atoms, or compounds which act as 
radicals chemically, and these may even be incapable of actual 
separate existence, as fiEur as present knowledge goes. HCl is an 
electrolyte composed of two single atoms ; in H2SO4 two atoms of 
hydrogen form one ion and the compound radical SO4 the other ; 
this radical cannot exist uncombined, so that sulphuric acid is an 
electrolyte only when in presence of something it can react on, and 
cjombine with, such as water, although water itself is not an 
electrolyte. Ammonium NH4 is also a compound ion strongly 
resembling potassium in its properties ; it also cannot exist free 

R 
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but breaks up into NH3, ammonia, and H, giying an apparent 
exception to the law of equivalence by producing two free sub- 
stances, each equivalent to the current producing them ; but it 
must be considered that ammonia is not really a radical, for NH3 is 
a complete molecule of the order described, § 10 (i), p. 7, and is 
, not capable of replacing H in salts. 

281. We must regard the circuit as consisting of chains of 
molecules ; some metallic, as in the plates and conductors ; some 
liquid, as in the cells ; and the transmission of electricity as con- 
sisting of a motion of each molecule in the chain, accompanied 
with a breaking in halves of a molecule wherever the current 
passes from metal to liquid, or vice versa. We shall thus under- 
stand why there is equsd current, equal quantity of electricity, or 
equivalent chemical action at every section of the circuit, as stated, 
§ 1 1 1, p. 86, because there are the same number (or value, as will be 
seen presently) of molecular actions effected at every part, however 
the molecules themselves may differ in nature. Each cell is, 
therefore, a section of the conductor, and each has its own specific 
resistance just as the wire portion has. But the cells are of two 
orders in another respect. 

(i) Generating cells, in which energy is set free by chemical 
actions, and becom es el ectromotive force, setting up the current as 
explained Chapter Vlll., §§ 256-268 : these are battery cells, and 
stand for E in formulo. 

(2) Decomposition cells, in which energy is absorbed in doing 
chemical work. These may be simple resistances, where no 
ultimate change is made in the solution ; such are most electro- 
metallurgical processes where the same metal is dissolved from the 
anode as is set free at the cathode. But if any ions are actually set 
free by the current, they tend to recombine and act as a cell of the 
first order with their electromotive force opposed to that of the 
battery, and stand as — e in formulae. The feeblest E M F will 
send a current through the first of these classes of decomposition 
cells, but the second class require an E M F greater than that set 
up by the actioil itself, or electrolysis cannot take place, for reasons 
explained, § 289. 

Except for this distinction of generating and decomposing 
cells, all the cells are under the same conditions. In each cell 
there is a + plate or element, the zinc in the battery cells and the 
anode in the decomposition cells, and if the latter can unite to the 
ohlorous radical of the electrolyte it dissolves just as the zinc docs 

the battery cells. In each cell there is the electrolyte, which 

I up its chlorous or — ion at the -f plate, and transmits the 

'liar motion which constitutes the current to the — plate 

t also gives up its + ion. The - plate then continues as 
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tbe + pole or anode to the next cell, and ultimately to the — pole 
or first zinc of the battery to complete the circuit. In fact, each 
pair of connecting plates in separate cells, acts as though it were a 
metallic partition separating the two liquids with which the plates 
are in contact. In such a plate, or conducting partition, one side 
wonld be + and the other side — , and the two plates in different* 
cells correspond to these two sides, connected together by a con- 
necting wire instead of by the mass of metal of a plate itself. It 
is of the utmost importance to bear in mind this distinction of 
plates or elements, related to the liquid within their own cell ; and 
poles or electrodes, related to another cell and to the direction of the 
polarity they set up, or the current they transmit Therefore, 
keeping out of sight the distinction of cells as those setting up and 
those absorbing energy, that plate in each cell which is + to its 
own liquid, or the positive plate of the cell, is the anode or + elec- 
trode of the cell to which it is connected, and completes the circuit 
from the — plate of this celL Hence it is that the anode in the 
decomposition cell represents the zinc in the battery cell, for like 
the zinc it is + to tiie liquid, and gives up energy to the liquid 
(though that energy is derived from the current itself in this cell), 
and like the zinc it dissolves if made of materials which can 
combine with the negative or — radical of the solution. For this 
reason some prefer to call the anode the ziiicode. 

Fig. 68 exhibits these relations, in the actions of a Daniell cell 
and an ordinary coppering arrangement. 

Fig. 68. 
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It shows the pohifization set up in the complete circuit from the 
zinc in the liquid, with equivalent actions resulting in both cells- 
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Yolmne, that is, as tbe molecule of hydrogen H H, and these mole- 
cular Tolumes bold all alike the same relation to energy, for they 
expand equally for equal heats and pressures. All these manifold 
points of agreement justify the conclusion that these weights are 
the atoms, and that the molecules are constituted by the union of 
these different numbers of atoms. Valency is, in fskct, the gaseous 
volume combining ratio of hydrogen to other elements, although 
extended by indirect calculations to those elements whose actual 
gaseous volume cannot be directly measured. The atomic weight is 
the weight of a unit volume of the elements in the gaseous con- 
dition, compared to that of hydrogen as unity. 

284. As modem science accepts the doctrine that heat is a 
<< mode of motion," and as motion implies space to move in, it is 
obvious that there must be a relation between heat and the space 
occupied by the moving particles; heat being only one form of 
energy, we readily extend this relation to energy in all its forms, 
and therefore, although we are not yet &r enough advanced in actual 
knowledge to define all the facts and laws, we can see very clearly 
that there is in nature an exact relation among the weights of the 
atoms of matter, the spaces they move in, and the energy they 
absorb, that is to say, between the atomic weights, molecular 
volumes, and intrinsic energies of substances. We can see in fact 
that if, by the agency of energy, atoms are made to occupy a 
different space from that common to them, they must have new 
properties ; especially as there is an evident relation between this 
space and the powers of atoms to combine ; that is to say, under 
these altered conditions of energy, the valency (which is a fanction 
of volume and energy) will be altered ; as a consequence we can 
conceive of the existence of two or several compound substances 
containing the same elements and in exactly the same proportions, 
but owing to differences of intrinsic energy having very different 
chemical properties, and belonging to entirely different molecular 
types. This may explain '* isomerism " (equal measures of the 
same elements in different compounds); it also explains "allo- 
tropy" (different forms of the same substance), as due to different 
specific energies forming part of the molecules, attended probably 
with a different number of atoms entering into the molecules, which 
have consequently different physical properties. Carbon, sulphur, 
and phosphorus are well-known substances taking different forms, 
and ozone O3 is a modified molecule of oxygen. 

285. Berzelius's electro-chemical theory (§ 252, p. 210), which 
long ruled chemistry, assumed that each element possessed, as part 
of its constitution, a definite quantity of positive or negative elec- 
tricity, which set up the chemical attractions between them; that 
they united into acid and basic radicals, the attractions of which 
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for each other were due to the excess of + or — electricity not 
neutralized in the primary act of combination : he therefore drew 
up a list of electro-negative and electro-positive substances. It 
w^ill be seen, therefore, that on this view each kind of molecule 
possessed different quantities of electricity, which are the causes of 
the varying degrees of affinity. But Faraday distinctly proved 
that there is a relation based upon the equivalent constitution of 
matter. Thus, if a cell is set up, based upon zinc displacing silver 
from its nitrate, a definite quantitative result will be effected by the 
current ; if passed into a copper solution, it will reduce a definite 
quantity of copper, and the quantity will be in the ratio of -the old 
equivalents of the metals — i. e. for io8 grains of silver precipitated 
in the battery, 31*75 will be deposited in the cell. But copper will 
precipitate silver, though with much less force than zinc does, 
ther^ore it is said that a much lower affinity is at work ; if, then, 
copper is used for a battery with a silver salt, a current will be set 
up, and this current also will, for the 108 grains of silver in the 
battery, deposit 3175 of copper in the cell. Again, iron will throw 
down the copper, and zinc Ihe iron ; in each case a lower affinity 
at work in the battery produces exactly equal reduction in the cell, 
though taking a longer time to effect it. But, again, if we place in 
a series, cells cqntaining different classes of molecules, and pass a 
current through all — such as salts of silver, copper, and iron — the 
same current passes through them, and deposits in each cell its 
metal in the order of its equivalent, 108 silver, 31*75 copper, 28 
iron, for each 32*6 of zinc dissolved in a cell of the battery. 
Therefore Faraday said that every molecule, no matter what its 
nature or what the chemical affinity Mrithin it, requires or gives up 
the same quantity of electricity, and this is law lY. (§ 282). 

286. How shall we reconcile these two conflicting views, for 
both of them are based on truths? Careful consideration of* the 
facts will show us that Berzelius based his ideas upon the conditions 
set up by ^ intrinsic energy," while Faraday's law is based upon the 
'' valency " of atoms and radicals, and consequently upon the con- 
struction of molecules. 

When we see that electricity is a something wholly dependent on 
the molecular constitution of matter, that it can be transmitted or 
measured only by motions of the molecules, and those motions 
transmitted along a definite chain by the action of one molecule 
upon another, it is ^asy to see that there must be a relation de- 
pendent upon the number of molecules moved or broken up, which 
relation we may, if we please, call a quantity or an equivalent of 
electricity, and so take possession of Faraday's labours. 

When we learn that energy is an integral part of the molecules 
of matter ; that the component atoms are moving at definite ratef 
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as the spectroscope shows, and that chemical combination is 
attended with a reduction of that motion, and its release as external' 
heat, or as motion along a line of polarized molecules in elec- 
tricity, we see why each such action must give up a definite amouBt 
of energy, and why, according to its amoimt, the molecular motion 
it sets up (the ** quantity '*) shall be slow or rapid, and therefore 
the tension set up upon the molecular chain shall be great or small 
in the ratio of the chemical affinities at work. Here, then, we take 
possession of Berzelius'^ labours, and connect the two conflicting 
theories into a more general conception. 

287. What is the quantitative relation between electricity and 
matter ? Is it molecular or atomic ? Is it dependent on the atomic 
weight of the modem chemical notation ? or is it, as nine people 
out of ten suppose, dependent upon the old equivalent weights? 
Upon none of these, and yet upon all of them. Our knowledge is, 
in fact, not yet sufficiently advanced to enable us to give a definite 
explanation of the mode of relation between electricity and the 
molecular constitution of matter. In Table XIII. (p. 212) is 
given a list of the actual quantitative relations ; and a little exami- 
nation of some of the relations of matter and energy may throw 
some new light both upon the cause of these relations and upon the 
chemical constitution of substances. 

The elements combine with each other in exact definitive ratiofi, 
and those ratios, as was stated above, have a twofold aspect: 
(i) the weight of matter involved ; (2) the vneasures in the gaseous 
states. The atomic weights now adopted (Col. III. of Table XIII.) 
combine both these aspects : they are the weights of those measures 
which equal in volume one weight of hydrogen. Some substances 
cannot be so measured, and the figure is^arrived at indirectly ; some, 
again, are experimentally exceptions ; they may be half or double 
measures when actually compared as elements, and yet when enter- 
ing compounds they agree with the accepted figures. This requires 
explanation : why is a law to be accepted as universal when experi- 
ment shows us there are exceptions ? Experiment is the foundation 
of all knowledge, but the deductions from experiment must be 
broad ; they must^be based upon the spirit not upon the letter of the 
replies which Nature gives to our questions. When several different 
experiments appear at first to differ in their teachings, it is our 
duty to see if we cannot find some broader road to kaowledge of 
which these are several bye-ways. The relations of energy to 
matter vary in different physical states, and in the one physical 
state of gas they vary according as we recede from the point at 
which the gas becomes a liquid, that which is commonly ciJled the 
boiling point. Yet through all these variations we see a fanda- 
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mental law of Nature Tthe law of Boyle and Mariotte, Dolong and 
Petit) ; the relation oi energy to matter as gas is definite — equal 
heats, equal pressures, produce equal expansion and contraction. 
Tlie variations are due to the imperfect gaseous condition (as shown, 
p. 147), and our inability to compare all bodies at the proper point at 
which Nature fixes that relation; therefore in our experiments we 
employ part of the energy we use in carrying out some other kind 
of relation as well as the particular one we wish to examine. The 
remedy is, to arrive as far as possible at the knowledge which each 
experiment gives in one direction, and then to accept the general 
teachings to be derived from many. 

It is upon this principle that we may regard the accepted atomic 
weights as representing the abstract unit gas volumes of the several 
atoms, and two such unit atomic volumes as the unit molecular 
volume, into which Nature compresses all the atoms of which she 
builds up every molecule of known substances. But these atoms 
do not combine in mere pairs. One volume or atom is equivalent 
to, or can combine with or replace, one, two, three, or more 
atoms or unit volumes of other elements ; yet when so combined — 
no matter how many volumes enter into union — they condense 
down to two volumes, as shown § 283. This is so universal that 
we are bound by the principles of honest reasoning to recognize 
that the apparent exceptions are due to the different conditions of 
energy to which we are compelled to expose, in order to compare, 
them. Taking, then, the unit volume of hydrogen, the lightest 
substance and the most perfect gas (therefore the simplest &own 
substance in its relation to energy), as our base, we class atoms as 
equivalent to one, two, three, four, &c., atoms of hydrogen, and 
call this relation the valency of the atoms. Some substances are 
capable of possessing several different valencies ; thus copper, a 
bivalent atom, unites with chlorine, a univalent element, as CUCI2 ; 
but it also unites with it as CujClj. We know that each atom is 
not mere matter ; energy is also part of its essence ; the atom is a 
vibrating body, and the space it occupies — its unit volume — de- 
pends on this motion; we have, then, the right to conclude that 
copper can part with some of this intrinsic energy, that two ordi- 
nary atoms can condense into one, and will then represent matter 
and energy constituting one atom, occupying one abstract unit gas 
volume, and having, in its relations to other atoms and to energy, 
the value of one atom only (and all those properties, chemical and 
physical, which Nature has connected with the unit or atomic 
gaseous volume), but capable of again absorbing energy, and so 
reconstituting two atoms. 
Now energy, in the form of electricity, is related to the atoms 
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and molecales in a manner whioli links together these other rela- 
tions. This relation can be formulated as, 

Atomic weight , ^ . . , , 

— =-=- — = electric equivalent. 

Valency ^ 

We can therefore give to Faraday's " quantity," or " equivalent of 
electricity," a definite value accordant with the chemical constitu- 
tion of matter ; it is that action which will release one nnivalent 
atom or radical, elementary or compound ; that is to say, it passes 
along one of the links by which molecales are constituted, as 
represented in Fig. 40, p. 85 ; in so doing it acts upon and, iu 
chemical action, releases the unit radical, and exerts a definite mag- 
netic action externally by means of the inductive conditions it sets 
up in surrounding bodies. To define its electrolytic action still 
more strictly, it will release one univalent radical, which radical 
may be a single atom, or may be built up of many atoms of any 
valency brought into that state which corresponds physically and 
in its relation to energy with the unit gas volume and single 
valency. This unit of electricity, measured on a grain system, is 
that used in this work, viz. the equivalent of one grain of hydrogezL 
Each molecule, therefore, acts in the electric circuit as though it 
were so many molecules as would represent the " valency " of the 
two radicals or ions into which it breaks up. How or why this 
relation exists our present knowledge does not enable us to explain, 
but that this is the true relation of electricity to matter is certain, 
for this law covers all the known facts, all the exceptions to the 
common accepted laws of electrolysis (§ 282) ; but we can see that 
it is probably connected with the unit atomic gaseous relation of 
matter and energy, extended into all other physical conditions. 

288. But electrolytes have another relation to electricity besides 
that of current equivalent. A true electrolyte, setting free its two 
radicals, requires a definite force exerted upon it, variable, not as 
before, by classes, but with every single substance according to the 
strength of what is called the chemical affinity of the two ions. 

If we set up a battery and a certain resistance, a given current 
will pass; extra resistance will diminish the current, but no 

E 

amount of resistance will quite stop it : an amount ^5 = will 

xt 

always pass. If we set up a battery which will just pass current 

through a solution of iodide of potassium, and then substitute for 

this, dilute sulphuric acid, no electrolytic current will pass at all ; 

the decomposition cell is not a mere resistance, but as soon as it is 

polarized it is a counter electromotive force (§ 236), and is expressed 

in formulas as — e. This is, in fact, only an illustration of the 
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fandamental law of Nature that action and reaction are always equal. 
If we pull on a rope fixed to a post, the post resists us, and the 
strain on the rope at the post exactly equals that at the other end ; 
spring balances at the two points would show the same pull in 
opposite directions. So when chemical affinity is exerted in combi- 
nation, it sets up an E M F in one direction, a tension on the polar 
chain; if decomposition occurs, the radicals set free absorb an 
equivalent energy, and act as an EMF in the opposite polar 
direction, that is, as a — E M F. Therefore it is that to effect 
decomposition against any chemical affinity, the EMF exerted 
most be somewhat greater than the — E M F set up, or no action 
can occur at all ; upon the degree of excess will depend the rate of 
action. To ascertain, therefore, the amount of electrolysis which 
can be effected by any battery, and under any conditions of resist- 
ance, the formula is — ^ — = C. 

If E and e are expressed in volts, according to the system 
explained, §§ 253 to 256, B being the total resistance, metallic and 
liquid of the circuit, C will be a figure which, multiplied by 5 • 68 
to bring it to"chemics," and by the proper figure in Col. VI., 
Table XIII., p. 212, will give the actual weight in grains set free 
in ten hours' action. 

289. There are, however, two ways of looking at the action 
which goes on in a decomposition cell forming part of an electric 
circuit, (i) We may regard the solution as a conductor^ transmit- 
ting current exactly in proportion to its resistance. (2) We may 
regard the solution as a dielectric^ and the electrodes as condenser 
plates which we can charge up to a certain tension at which the 
dielectric breaks down. Each of these views is true, and it is only 
by combining them that we can obtain a complete conception of 
the conditions. Treating the cell as a condenser, we may, in fact, 
see in it the conditions of static charge explained §§ 36 to 40, and 
the electrodes correspond to the plates in Fig. 26, p. 50 ; or regard- 
ing the anode as a surface taking a + charge, we get fresh light 
upon the conditions illustrated. Fig. 13, p. 30. In fact, we give 
the electrodes a charge, the tension of which will depend upon 
(i) the electromotive force of the battery; (2) the inductive 
capacity of the interposed liquid ; (3) the relation the resistance of 
the cell bears to the total resistance of the circuit. This view holds 
good for all liquids (as also for all substances whatever), electrolytes 
or not. 

But, in a condenser, the dielectric, though it does not transmit 
current, or only slowly, is polarized statically in the same direction 
as though currents were passing, and each charge, each act of 
polarization that is, absorbs so much energy as the inductive 
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capacity can take np, and necessitates a proportional consmnption 
in the battery; that is, each molecular chain to be poLurized 
requires a molecule of action in the battery, and will consequently 
show a corresponding current (or molecular revolution) in the 
connecting wires, &c. We may, therefore, picture the conditions 
thus — 



I. Anode 

+ 

Pole + 
3. Plate - 



Decomposition Oell. 

r^ r^ Z^ Z^ 



+ -+-+- + 
Battery CelL 



Cathode i. 

•• • • z< 
- Pole. 
+ Plate 3. 



The first line shows the static conditions as a condenser; tLe 
second, the result of electrolysis ; and the third, the polar condition 
of the battery. We see here that, regarding the battery as the 
source of energy, it polarizes the contents of the cell (i and 2), and 
so completes a circuit ; but, looking at the cell itself as a reacting 
source of tension or electromotive force, we see that in either case 
the cell produces a tension in a direction opposite to that of the 
battery itself, and the diagram shows us why,.(i) as a condenser, 
by giving up the energy stored up as charge, by the strain upon 
the brackets oi molecular affinities, which act like strained springs, 
or any other mechanical reaction which absorbs and then gives up 
energy; (2) by the tendency to reunion of the freed ions, which act 
upon each other through the liquid just as they do in a battery 
when an acid and alkali arc separated by a porous division, § 164, 
p. II 6. Either of these actions will tend to make the anode positive, 
as will be seen by the order of the symbols + &iid — ; as the 
battery does the same, the efifect is that of two cells in multiple arc 
or ''coupled for quantity;'' and all the actions tend to convert the 
prolongation upwards of the electrodes into -f and — poles. The 
battery and decomposition cell are, therefore, identical in principle 
with two cells with similar poles opposed, and no current can pass 
unless the electro-motive force of the one cell (the battery) exceeds 
that of the other cell (the electrolyte). 

290. PoLABizATioN OF Plates. — This is the very confusing 
name given to the EMF just described. It is occasionally 
employed practically, in order to obtain a short current of great 
force from a feeble battery. Lead plates may be immersol in 
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lilute acid, or any suitable agents may be employed with a battery 
fust poweifol enough to set up the reaction. A number of the 
iecomposition cells are used with a commutator which arranges 
them in multiple arc, and puts them in ci rcuit with the battery, 
vvhicli then charges them as a condenser of large surface; the 
commutator then throws the whole into series, producing a battery 
of great E M F, which gives off a current, great at first, but rapidly 
falling, which is, in fact, the charge of the condenser given up in 
another form. Such currents last only while this charge is given 
up, or while the freed ions, if there are any, recombine ; and there- 
fore, however great they may be at first, they diminish rapidly and 
last but a very short time. 

291. The electrodes of a cell are not necessarily metals. When 
two Uquids are separated by a porous diaphragm, the surfaces of 
the liquids in contact act as electrodes to each other, and the 
precipitation may occur there just as happens at a plate. A series 
of liquids may be connected in this manner, and current passed 
through the whole. The examination of what happens in this case 
will clear away many very common misconceptions. Thus, it is 
often said that ^'ions can be transmitted through materials for 
which, they have a strong chemical af&nity without combining with 
them." Now this is not the case. No ion can be so transmitted. 
The illustration usually employed represents three connected 
liquids — sulphate of soda, infusion of litmus, and water. After a 
time sulphuric acid is found in the water, and it is considered that 
it most have passed through the litmus solution, yet it has not 
coloured it. But what has occurred is quite different. Not sul- 
phuric acid, but neutral sulphate of soda, has traversed the solution, 
by simple endosmose. Until this endosmose has brought some of 
the salt over no acid would be released, nor would any current pass 
at all unless some saline substances were in the water. But if in 
any intermediate solution there is a chemical afiinity for one of the 
ions, capable of producing a precipitate, that ion will never pass 
across iSlc solution. Suppose there are four solutions, common salt 
at the cathode, sulphate of soda next, then nitrate of silver, and 
again sulphate of soda — no particle of chlorine would ever find its 
way to the anode, but sulphuric acid would be set free there ; any 
chlorine which either by endosmose or by electrolytic transfer 
reached the silver cell would there be at once precipitated. What 
really occurs is a constant interchange of the ions between con- 
, tiguous molecules along the polar chain, so that when this is 
composed of different electrolytes in contact, the different con- 
stituent ions are soon distributed ; but whenever in the course of 
this distribution two ions come together which have a mutual 
affinity great enough to cause an ordinary chemical combination. 
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they become insolnble, and drop out of the polar chain. Faradaj 
proved this by decomposing sulphate of magnesia in contact with 
water in strata one aboye the other, and with precautions to prevent 
disturbance by gas : no magnesium found its way to the cathode, 
but on entering the water it fonned a film of magnesia in the 
middle of the liquids at the line of junction, which served as 
electrodes to the separated liquids. 

292. To understand the chemical actions e£fected by the current, 
it is necessary to examine them first in a pure electrolyte, a single 
substance : and most of these have to be liquefied by fusion. A 
good example is chloride of silver with silver electrodes : the silyer 
adheres to the cathode and the anode dissolves away, maintainiiig 
the chloride of silver constant. This is Direct Electrolysis. With 
a very large number of substances in solution, a different kind of 
action occurs, which is called Secondary Electrolysis. I will give 
the usual explanation of this first, and then show a principle which 
explains it more perfectly and in better accord with the principles 
of the electric current. 

293. If we electrolyze a solution of sodium chloride NaCl, we 
obtain Gl at the anode ; at the cathode we do not obtain Na, but 
we have instead of it H, hydrogen, in the proper equivalent propor- 
tion; in the solution we have an equivalent also of caustic soda 
NaHO. But if we electrolyze sodium sulphate Na2S04, we obtain 
at the anode an equivalent of oxygen 0, and also an equivalent of 
free sulphuric acid H2SO4, while at the cathode we have the same 
as in the case of the chloride ; we have, therefore, in this case 
apparently two equivalents of substances set free for one equivalent 
of current. The explanation given is this : if we add sodium, Na, 
to water, we decompose the water, we produce NaHO caustic soda, 
and H as free hydrogen. Therefore, when we decompose NaCi, 
we actually set free Na in presence of water, which is then decom- 
posed by secondary or purely chemical action. In the case of the 
sulphate we also set free at the anode (or render nascent) SO4 a 
radical which cannot exist separately, but which likewise acts 
upon water, HgO, forms H2SO4, and sets free O, oxygen, also by 
a secondary chemical action. We may picture ^e reaction 
thus : 

+ J SO4 Na^ SafN^a SO4 Na Na \ 
IH2.' ^ ' — — HO ho/ 

o' ^Ta 

The upper row of brackets show the original molecules of 
Na2S04, of which the end ones break up and react upon the water, 
which does not enter the polar electric chain. If this explanation 
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'ere true, the E M F required would be that of composition of 
ra,2304, and that is : 

NaO by Table XIII. 14593 foot-pounds 

NaO + SO3, by Table XIV. 3139 

4^73) 17732 = volts 3'8 

?liere would also be heat produced in the liquid equal to that of 
he action of sodium on water. Now we know that an E M F of 
*5 Yolts is sufficient to just set up the action, and that this heat is 
Lot generated. To understand what really occurs, and so get rid 
»f the complication of direct and secondary electrolysis, we must 
listinguish between the actions in the body of the liquid, and 
bose which occur at the electrodes. 

294. The action in the body of the, liquid consists of molecular 
notions transmitting the current, and the interchange of ions 
unong themselves as they happen to meet with others capable of 
3ombining with them. These actions are entirely of the nature of 
resistance: the current, therefore, will divide itself among any 
number of mixed electrolytes as among different wires, in the 
order of their resistance ; therefore, in an ordinary coppering 
solution containing a good deal of free acid, the current will be 
carried mainly by the acid, because the conductivity of sulphuric 
acid I to II of water is 89, compared with sulphate of copper 
as 5. 

295. At the electrodes there is a selective power, — This is not 
based on resistance, but solely upon the ratios of electromotive 
force required to furnish the requisite energy. If several anions 
are in contact with the anode, that one will be set free whose 
specific energy is lowest ; hence in dilute hydrochloric acid, &c,, 
chlorine is selected because its energy with hydrogen is only 
4721 foot-pounds, while the other anion present, oxygen, requires 
6841 foot-pounds. (See Table XIII., p. 212.) If the anode is 
Boluble, that anion would be selected whose specific energy is 
highest when combining with the anode, as then it would con- 
tribute energy to the polar circuit as + E M F (both these state- 
ments are subject to limits which will be considered presently). At 
the cathode a similar selective action occurs : thus, if a copper 
solution contains iron, copper only will be reduced, because the 
- E M F of copper is only i -26 volts (Table XV., p. 214), while 
that of iron is 2 '07 ; for this reason also hydrogen is not released 
in presence of metallic salts, except when their specific energy, 
or — E M F, approaches nearly to that of hydrogen. Hence in 
depositing nickel or iron, hydrogen is always given off, despite of 
Smee's law to the contrary. The principles I am laying down show 
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hb why. The — E M F of iron is a '07, and that of hydrogen is 
only I *9, nearly the same. 

296. It is probahle that there are cases, however, in whicli a 
true secondary or chemical reaction occurs. Such are those actions 
in which no direct ton is released from a broken-up molecule ; bnt 
a complete molecule has a part of its constituents removed or sub- 
stituted, or extra atoms (forming the true ion released) aj-e added 
to it. Such an action occurs at the cathode when nitric acid is 
present there ; the nascent hydrogen reacts upon it in manners 
varying with the rate of current and the concentration of the acid ; 
if this is weak, hydrogen is given off. In other cases the acid 
is reduced more or less by the hydrogen removing one or more 
atoms of oxygen ; if the action is strong, a part of the acid HNO3 
is even wholly reduced, the oxygen is substituted by hydrogen, and 
the radical ammonium is formed, which unites with another atom 
of asiid to form nitrate, thus : 

^^3 + Hg = NH, NO3 + 3H,0. 

A corresponding action may occur at the anode by the power of 
nascent oxygen or chlorine. On this account it is dangerous to 
electrolyze a strong solution of sal ammoniac (ammonium chloride); 
and I select this example because it is an experiment very likely 
to be made ; it decomposes into ammonium NK4, which breaks up 
into NH3 + H at the cathode, and 01 at the anode, and the chlorine 
partially reacts upon the salt and forms drops of chloride of ni- 
trogen, a violent and unmanageable explosive : thus NH4CI + 6C1 
= 4HOI + NOI3. I give this formula for simplicity sake, but no 
one knows what chloride of nitrogen is. Some consider that it is 
really H0l2N,0l3N, but its analysis presents no great inducements 
and a great many dif&culties. But while these actions, which are 
producible by ordinary chemical reactions, may be regarded as 
secondary actions of substances set free, it is more likely (and more 
in accord with the general facts) that, in most cases, the molecules 
reacting are actually ranged in the polar electric circuit, and that 
the actions are effected under the influences exerted by the current. 
We may therefore substitute for the confusing ideas of direct and 
secondary action the following new definition, which will embrace 
all the facts. 

297. General Law of Eleotbolysis. — At the electrodes those sub^ 
stances are set free which absorb, in becoming free, tJ^e lowest specific 
merffy. 

That is to say, at the point where the current enters or leaves 
the electrolyte, any neighbouring molecule, whether an electrolyte or 
not, will be ranged in the polar circuit, provided, either that one 
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Dart of it can unite with the true ion timed towards the electrode 
■Lnd the other part can form a free molecule, absorbing from the 
eircuit less energy than the ion of the true electrolyte wonld reqtiire 
in order to become free, or that the true ion can be introduced into 
this other molecule at a less expense of energy than would be 
Xieeded to enable it to constitute a free molecule. The substances 
set &ee may be thus formed afresh out of materials in contact at 
the electrodes, not merely separated as ions or radicals from pre- 
Tionsly ezistic^ molecules, although this latter is the fundamental 
type and general action of electrolysis. 

This new conception, it will be seen, establishes an analogy 
between the effects of electricity in electrolysis, and those of heat 
in destructiye distillation. As in this last case the substances 
arrange themselyes in new forms suited to the forces existing in 
the retorts as degrees of temperature, so in the decomposition cell 
they arrange themselyes in forms suited to the forces existing as 
degrees of electric tension or electromotive force. 

298. Mixed Electbolttes. — In § 238, p. 196, it is shown that 
when seyeral paths are open to the current, it divides itself among 
them all in the inverse ratios of their several resistances. Every 
conductor is, in &ct, a system of such " derived circuits," as the unit 
conductor is the single chain of univalent molecules. Fig. 63, 
p. 193, shows that in liquids every part is polarized, and forms 
a system of derived circuits, of unequal resistance, from every 
part of one electrode to every part of the other electrode, and as 
a consequence every part of the liquid in the cell carries a 
part of the current proportioned to the lines of resistance in 
which it enters ; but this relates only to the true resistance to 
conduction, § 236. The conditions are quite different when the 
different " derived circuits," or paths for current, are different elec- 
trolytes; those conditions will also be very different when the 
electrolytes are in different cells, and when they are mixed in one 
vesseL 

As a consequence of the balancing of electromotive forces, when 
a current enters a mixture of electrolytes and passes along them in 
the ratio of the resistances, it also decomposes them in the order 
of their electromotive forces. We have seen, § 289, that it will act 
on none whose — E M F exceeds the tension to which the electrodes 
can be raised; yet it may do so apparently. It may at one elec- 
trode select one ion alone, and at the other either an ion, originally 
forming part of the same, or of a different electrolyte ; or it may 
release several and redistribute the other constituents. It will 
release, first, at each electrode, such ions as take up least energy, 
whether they originally formed part of the same electrolyte 
or not. If the tension is raised much beyond the point needed for 
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his, ions requiring more energy will be released, in ratios de- 
pendent largely upon the quantities present, and in contact with 
the electrodes. 

299. Elbotbolytes in deriysd Cibcuits. — If, instead of going 
through a mixture of several electrolytes, the circuit is divided 
into several branches, or derived circuits, with a decomposition cell 
in each branch, containing electrolytes of different ~ E M Forces, 
then a different set of conditions will arise. The result will be 

-J, governed by the laws of derived circuits, 

^^* * but with modifications due to the presence 

^ * ■" "*" ^ of these varying opposing electromotive 

forces. Let Fig. 69 represent three such 
derived circuits (i) containing sulphuric 
acid with a copper anode, with a — E M F 
= •534; ( 2 ) Hydrochloric acid which gives 
off HCl, the force of union of which 
being 4523 ft.-lb. = '968; (3) Sulphuric 
acid with platinum electrodes — E M F = 
) 1*464. If these figures were resistances, 
the common current ^would divide itself 
between the lines in the opposite ratio, and if each were measured, 
and the common current were measured also in A, the sum of i, 2, 
3 would be equal to that of A. This latter holds good in any case ; 
if A is a voltameter or a Smee cell, it will give as much hydrogen 
as I, 2, and 3 together; but the ratios between these latter will be 
quite another matter. Until the difference of tension between 
AB and CD rises to '534, no current would pass; then it would 
go wholly by i ; when it rose beyond '968 a little would go by 
2, but only a small proportion; and it would require greater 
battery power than if 2 were acted upon alone, because by the laws 
of derived circuits, the tension would be equal at all the junctions 
of I, 2, 3, with A B, and, therefore, the facility of passage opened 
through I, would rapidly lower the tension in the common con- 
ductors, and make it more dif&cult to raise it to the degree 
necessary to pass any current through 2 than it would be were i 
disconnected. 

300. Eleotrolttio Reactions. — We may now apply these theo- 
retical principles to actual cells in which well-known reactions are 
carried on. 

(i) The decomposition of sodium sulphate, instead of taking 
place by "secondary" action as shown in § 293, p. 254, is 
effected by molecules of water entering the polar chain itself; 
the extreme ions of the chain go off as gases, and the formula 
becomes 
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Sodium Sulphate. Water. 

m OHBf 




®^*Na OHH 



Soda. 



The upper brackets show the original molecules, and the lower 
ones the result of the action ; and I have individualized the atoms 
in order to show why a bibasic salt, such as a sulphate, takes two 
eqiiiyalents of current to decompose it, the equivalent being based 
on iH. 

This reaction requires i • 5 equivolts of energy to effect — that is, 
so much energy must be given up by the current, in order to set 
oxygen and hydrogen free, and the cell will act as a — e of that 
force. 

(2) But the anode represents the zinc of a battery cell, and if it 
can combine with any anion or acid radical present it dissolves 
like the zinc, and like it gives a -f- ei^ergy to the circuit. If there- 
fore the anode is made of copper, current would pass with less 
exp^aditure, and the action would become 

j^ n« Qn Na q^ Na q^ Na O HH 
+ Cu SO, j^^ 80, ^^ SO, ^^ Q 22 



•i 



+ i'26 — 1*92 



Here we see that the energy absorbed is i "92 — i '26, or only 
o ' 66 of an equivolt, because at the anode a reaction occurs which 
gives up energy ; or, more simply, there is only absorption at the 
cathode for setting hydrogen free. 

(3) We may have at the cathode also, an ion present which re- 
quires no more energy to set it free than a corresponding reverse 
action at the anode will supply, then we have an electrolysis which 
is only a resistance, not a — electromotive force, and which there- 
fore tihie very feeblest force can accomplish. If we place copper 
sulphate at the cathode of the last reaction, it becomes 

+ CuSO,Nasag*SO.gasO.Cu 

+ 1*26 — I '26 

This is an ordinary coppering reaction, in which, to keep up the 
analogy, I have used the soda sulphate in the circuit, instesid of 
copper sulphate or sulphuric acid as usual. The copper, in com- 

8 2 
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bining with the add, gives up i * 26 eqnivolts of energy, as + EMF, 
and the final act of decomposition absorbs the same as — EM?, 
leaving only the resistance of the cell to overcome. 

(4) In the ordinary voltameter with dilute acid we have a re- 
action which it will be seen resembles the decomposition of sodium 
sulphate (i), but the hydrogen comes off at the cathode without pro- 
ducing any other substance there, because the acid itself supplies 
the hydrogen. 

Anode ^^^^^ ^ ^ Cathode 

EMF— 1-464 

giving, besides the resistance of the cell, a — E M F of i * 464 volts; 
so that a single Daniell cell of volts i '079 cannot pass current at 
all through this cell ; but if we use as in (2) a copper anode, which 
gives a 4- EM F '93, so reducing the — EMF to '534, current 
passes freely, hydrogen is given off, and sulphate of copper foimed. 
It will be observed that in formula (2) the corresponding reaction 
shows a force of 0*66, while here it is * 534, although in both cases 
the same products are set free. The figures are arrived at by dif- 
ferent processes, the data for which are as has been explained, p. 208, 
very uncertain. Besides this, the presence of the caustic soda in 
the first case introduces an element which does not exist in the 
other, and this is the real cause of the greater force required. All 
these figures are given, however, to illustrate principles as yet un- 
derstood by very few, not as actually accurate in themselves. 

301. Wateb not an Elegtbolytb. — Almost all the books give 
diagrams, and speak of the decomposition of water ; in &ct, they 
commonly attribute the processes of electro-metallurgy to secon- 
dary action of the hydrogen set free by the decomposition of water; 
they speak also of water being a bad conductor, but made better by 
the presence of acids and* salts. The foregoing principles enable 
us to define a true electrolyte as a pcUr of ions which will break up 
tmder a tension equivalent to the affinity which holds them together. 
It is doubtful whether pure water is not one of the strongest insula- 
tors ; at all events, it will not only not electrolyze under a tension 
of I ' 5 volts, but it resists a hundred times that tension : therefore 
it is not an electrolyte. This point has been often argued. Some 
have said that alternating currents will decompose water, only the 
constituents reunite at the electrodes ; this plan is obviously merely 
reversing the charges of a condenser, swinging the water molecules 
backwards and forwards, not breaking them up, nor passing cnr- 
rent through the water at all. Others have tried to diminish the 
resistance by coiling up two platinum plates separated by silk, 
giving great area and little thiclmess of liquid. They passed current, 
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and got gases unquestionably, but it is scarcely necessary to say 
that it was not water which was being decomposed. The fact is, 
really pure water is unknown, even to chemists ; it cannot be made, 
and, if made, could not be kept five minutes. Water is a close 
approach to the long-sought object of the old alchemists — a uni- 
versal solvent. The purest platinum, even though made red hot, 
&c., is sure to have some residuary impurities or adherent gas, and 
thus the conditions of ideal electrolysis are inevitably vitiated. 

302. Water and many other substances permit a slight current 
to pass without undergoing electrolysis ; and it has been argued 
that this is caused by the gases being given off and absorbed by the 
liquid. We cannot limit nature, nor can we be quite sure that 
liquids cannot conduct, in some degree, like metals and solids, as 
even guttapercha does. But there is another point to consider. 
Water freely dissolves air, and takes up the oxygen in a higher 
ratio than the nitrogen : it is by this property that fishes are 
enabled to breathe ; therefore when the water is polarized as a 
dielectric, and its hydrogen tends to escape, it finds itself always in 
presence of a small quantity of oxygen, and that, also, in all pro- 
bability condensed upon the platinum which possesses the property 
of so condensing gases ; besides this, platinum and also gold will 
unite with both oxygen and hydrogen in some small degree, and it 
is highly probable that the small current (very slight it is) which 
is known to pass is really due to these various agencies which set 
up a -4- E M F, suf&cient to enable even a small tension to pass a 
current proportioned to it and the resistance. 

303. In the various reactions commonly called the decomposition 
of water, the oxygen and hydrogen gases do not come off pure, and 
consequently the exact tl^eoretical measures are rarely obtained. 
Ozone is generated at the anode, and peroxide of hydrogen at the 
cathode. These are both remarkable substances, as possessing the 
contradictory properties of being both oxidizing and reducing 
agents. Ozone is a molecule of oxygen containing three atoms 
instead of two, and with the third molecule ready to leave at the 
earliest opportunity ; therefore it will take oxygen from an oxidiz- 
ing agent to form ordinary oxygen, and hydrogen from a reducing 
agent to form water. The reaction which produces them may be 
written thus : 



Anode H, O 



HH 
HH 



H O f ^^^^0^^' 



An atom of oxygen released at the anode, and its two atoms of 
hydrogen acting on two molecules of water, so as to form two 
molecules of free hydrogen and one of hydrogen peroxide H2O2. 
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Three such reactions give three atomB of oxygen to form a mole- 
cule of ozone O3 at the anode. 

Nearly pure water containing air, when electrolyzed by a power- 
ful current, generates nitric acid HNO3 ^^ ^^® anode, by nitrogen 
and water taking up oxygen, and ammonia at the cathode by direct 
union of nitrogen and hydrogen, thus : 

Anode 2N \ Cathode 2N) ^xrcr • xr 

5O I = 2HNO3 loHf = ^^^3 + 4H 

304. DissooiATiON. — When a current from a frictional machine 
enters water by means of fine points, decomposition occurs ; it ie 
not, however, electrolysis, but dissociation ; both gases are given off 
together at each of the electrodes; this is due to the high tensions 
set up and the violence of the vibrations produced, analogous to 
the action of a flash of lightning, so that the atoms of O and H 
constituting water are, as it were, shaken apart Similar dissoci^ 
tion is produced chemically in water (as steam), and in many sub- 
stances when the temperature or heat tension rises beyond the 
degree at which combination occurs. This fact has a striking 
analogy to the disruptive action exerted in electrolysis when the 
tension rises beyond the chemical affinities of the radicals, botli 
expressed in the equivolt unit. 

305. In the electrolysis of common salt NaCl, for every unit of 
current one atom of hydrogen will be released at the anode through- 
out the action ; but none of the other reactions will be uniform : at 
first the action accords with the ordinary laws, and for each atom 
of hydrogen there will be an equivalent of sodium hydrate at the 
cathode, and of chlorine at the anode. 



H HO Na CI Na CI 



But, as the caustic soda accumulates, it, carries a part of the 
current, and. then commences a series of complicated actions at the 
anode. Chlorine is no longer given off alone, but some oxygen 
accompanies it by the following process, part of the CI taking up 
H and forming HCl : 



HONa HHO 
H^NToif 



The same reaction also extends itself by taking up a molecule d 
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the salt, and forming sodium hypochlorite, instead of setting the 
oxygen free, 

ffoN^ bTho 'nTci 

h"ho NTcTf 

In consequence of this and similar reactipus, chlorates and other 
oxygen salts may be formed at the anode when chlorides are 
electrolyzed, instead of the full equivalent of chlorine being given 
oS. In the electrolysis of hydrochloric acid similar results occur, 
and oxygen is set free as weU as chlorine, and the ratio of oxygen 
increases as the acid is weaker, because there are more oxygen 
atoms in the yicinity of the electrode. 

These and many similar little-studied reactions haye a deep 
significance hitherto overlooked. They haye been commonly dis- 
missed as slight exceptions from the established laws of electro- 
lysis, or as incidental results of " secondary " action. They really 
show that this indirect, chemical, or secondary action is a delu- 
sion ; dismissing it, we can ascend to that higher and more general 
law formulated, § 297, p. 256. 

306. In electrolysis there is no direct transfer of ions from one 
electrode to the other, but a constant interchange of radicals in 
contact, which owing to the selectiye power exerted at the elec- 
trodes tends to the accumulation of two classes of radicals, which 
in the case of salts in solution would ultimately result in collect- 
ing all the acids on one side and all the bases on the other ; but 
this could never be effected as many suppose by a current equiva- 
lent only to these products; in practice, also, in an ordinary 
depositing cell the result of long-sustained action is the transfer 
of the metal of the anode to the cathode. But the anions or 
chlorous radicals tend to accumulate most rapidly, and this has 
important results in electro-metallurgy, because these chlorous 
radicals act on the anode and surround it with a heavy saturated 
solution; while the removal of the* metal at the cathode tends 
to produce a weak and acid solution there, just where a dense 
metallic solution is most desirable; in fact, if we use a neutral 
solution of copper sulphate in a cell with a porous partition, and 
drive a strong current through, in a little while the anode will be 
covered with crystals of sulphate of copper formed there, but 
unable to dissolve, while the solution at the cathode will be 
exhausted so as to giye the metal only as a powder. 

The mode of transmission of ions and the way in which the 
metal of the anode is transferred to the cathode may be repre- 
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sented in the following diagram, in wl 
be immersed in Bulphuric acid : 

1. Cu SO4H, SO4EL, SO4H2 

2. Cu SO4CU SO4H2 SO4H2 

3. Cn SO4CU SO4CU SO4H2 

4. CuSO^Cu SO4CU SO4CU 

The upper brackets show the constitntion before action, and the 
lower ones the result of one action upon each molecular chain; 
after each action, which inyolyes a redistribution of the radicals, 
the newly-formed molecules make a semi-revolution so as to renew 
the polar condition ; at each action, therefore, a molecule of copper 
sulphate is formed by copper entering at the + end, and hydrogen 
leaving at the cathode, until at length copper sulphate reaches the 
cathode, and copper can be set free there instead of hydrogen. 

307. ExPEBiMifiMTS in electrolysis are very interesting and in- 
structive, and everyone who wishes to understand the subject 
should make them for himself, taking care as far as possible to 
watch all the quantitative relations of the current by some of the 
means described in the chapter on measurement. There have 
been many complicated and expensive forms of apparatus devised, 
but the most important experiments can be performed by the very 
simplest means. Wires of suitable metals serve for electrodes, and 
small U tubes made by bending up pieces of glass tubing will serve 
for cells, the two liquids being placed separately in Ihe legs ; in 
some cases it may be well to fill the bend with fiine sand ; straight 
lengths of tube, closed at the bottom with a plug of plaster of 
Paris or asbestos, may be used by dipping them in a vessel of 
suitable connecting liquid. When gases are to be collected, test- 
tubes can be used, filled with the liquid, closed with the finger or 
with a piece of sheet indiarubber, and inverted over the wire 
electrode. The instrument described, § 269, p. 229, is also admi- 
rably suited to electrolytic experiments. 

By connecting several such cells or (J tubes in series, the student 
will see that the acids all collect in one arm, and the bases in the 
other ; and by using them singly and noticing the electromotive 
force or number of battery cells needed to pass any given current, 
he will make clear to himself the relations of the force and observe 
the reacting current set up, while the conditions of Fig. 69 can be 
studied by mounting the tubes side by side or in multiple arc. 
For instance, let four U tubes contain — i. Solution of potassiilm 
iodide with a little starch ; 2. Common salt, coloured blue with sul- 
phate of indigo ; 3. Ammonium sulphate with infusioii of cabbage ; 
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4. Copper sulphate. Connected with platintim wires and placed 
in series with a strong battery, the anode arms will show acid re- 
actions ; I will be coloured blue by freed iodine ; 2 will be bleached 
by chlorine ; 3 will redden by sulphuric acid ; 4 will show acid on 
litmns paper. The cathode arms will show the presence of the 
bases : i will turn turmeric paper brown by potash ; 2 will do the 
same by soda ; 3 will become green by ammonia, or blue if litmns 
is nsed in place of cabbage; 4 will deposit copper. Used singly or 
in multiple arc with gradually increased battery power, they will 
show the differences in the power required for each of these re- 
actionB. 

308. In addition to the reactions already described, the salts of 
phosphoric acid furnish a striking illustration of the relation 
of electric current to the valency of the ions, and also furnish 
teachings as to the true constitution of these acids and salts. There 
are three phosphoric acids : 



I . Metaphosphoric acid 



HPO, 



2. Orthophosphoric (common) H3PO4 

3. Pyrophosphoric H^PjOy 

The last two can take up different atoms in substitution of the 
basic H, or substitute part only, so as to form acid or compound 
salts. 

If we electrolyze sodium salts of each in series, we shall have 
the same quantity of hydrogen given off by each, and the same 
qoantity of soda generated at the cathode, and equal quantities of 
oxygen given off at the anode attended with the several acids. 
Thus we have : 



— I. Metaphosphate. + 

HeTo Na PO3 hTT 
H H Na PO3 Hr 



H H O 
H H O 



Na 
Na 



POj 
PO, 



H 
H 



« 



!° 



— 3. Pyrophosphate. + 

1° 



H H O Na 
H H O Na 



H H Na 
H H O NaJ 



>PA 




Four units of current (H = i) decompose four molecules of 
monobasic metaphosphate of soda in one cell, freeing at the anode 
four molecules of the acid, containing, of course, four atoms of 
phosphorus; in the second cell. they act upon only one molecule 
of tetrabasic pyrophosphate of soda, releasing one molecule of the 
acid, whic]i contains two atoms of phosphorus ; yet in each cell 
the same quantities of oxygen and hydrogen are released, because 
the same number of water molecules are pressed into the circuit. 
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309. There are some salts from which oxides are thrown down 
in a solid form. Such are the nitrates and acetates of lead, manga- 
nese, and bismnth, from which the peroxides as Pb02 MnOj are 
deposited upon the anode. With tibe lead salts very beautifal 
effects are produced in this way, as the peroxide in different thick- 
nesses has different colours through which also the metal it is 
deposited upon may partially appear. By acting on a polished 
plate with a pointed electrode &cing it, rainbow-tinted rings are 
formed on the same principle as Newton's rings, due to the inter- 
ference of the waves of light reflected through the film, which 
diminishes in thickness as its distance from the point increases. 
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CHAPTEE X. 

ELEGTBO-METALLUBGT. 

310. Although electro-metallurgy is a purely practical art, and 
its successful practice may be accomplished with a very small 
modicum of science, this is true only of the factory ; to learn it 
from books and solitary practice, and in any case to learn it intel- 
ligently and to pass beyond the range of mere " rule of thumb," it 
is necessary to clearly understand the principles in operation, and 
the terms necessarily employed in explaining those principles, and 
reference will be made where required to the earlier pages in which 
these may be found. For this reason also, if anyone hopes to 
learn at once how to rival Elkington in the art of electro-plating, 
or even, haying got a Smee cell and half a pint of gilding solution, 
to at once proceed to gild his watch case or chain, he may as well 
resign himself to disappointment ; he must go through an appren- 
ticeship, by first learning thoroughly how to deposit copper in any 
required condition ; this is a cheap and manageable process, and 
all the secrets of electro-metallurgy can be learnt there, and, once 
mastered, success in the other departments is assured, and only 
slight instructions are necessary for each special case. 

311. The first thing essential to be considered is the source of 
the force, i. e. the best form of battery to employ. We require a 
battery easy of management, giving a large current at moderate cost 
and of tolerable constancy. Much will depend upon the amount 
of use to be made of the apparatus, for the conditions are very 
different when the instrument is to be kept steadily at work, and 
when it is to be used only by fits and starts. For most purposes 
the Smee is to be selected before any other ordinary form ; but a 
careful study of the chapter treating of the different batteries 
will enable the reader to select the form most suitable to his 
purpose. 

312. The basis of all knowledge is experiment, and the very 
essence of experiment is exactness ; and this latter can be obtained 
only by regular measurements, a matter rarely attended to in 
electro-metallurgy. It is impossible to urge too strongly, alike 
upon the learner and the practical operator, the advantage of 
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keeping in the circnit a suitable galvanometer which will always 
show that operations are going on properly, call attention to any 
irregularity, and measure at every instant the actual work doing, 
while showing the effect of any variation in the conditions. In 
this way the work itself soon teaches its laws. For most purposes 
in metallurgy a vertical detector, § i8i, will be found suitable, as 
not needing exact placing, and not being disturbed by neighbonr- 
ing magnetic bodies, when, as is usual, two similar needles are 
mounted on the axis with poles reversed. j^For experimental pur- 
poses, however, the instruments, §§ 179, 180, are expressly adapted, 
and many of the experiments and figures to follow relate to their 
indications. 

313. The various principles and processes classed under the 
name of electro-metallurgy may be classified and studied under 
several distinct heads, and sound knowledge can be obtained most 
readily by carefully distinguishing these heads. The mere process 
of removing the several metals from their solutions is a part of the 
general theory of electrolysis, of which it is a practical application, 
that theory therefore should be carefully studied in Chapter IX., 
so that in each given case we may secure the metal in such con- 
ditions of cohesion, colour, <&c., as we desire. 

314. There are two completely distinct objects sought in different 
cases. 

(i) We require to form a fresh object in metal which is to 
have a separate existence of its own, and must, therefore, possess a 
certain substance and strength ; this class of work is usually called 
electrotype, such as forming of copper plates, solid vessels, dupli- 
cates of coins, medals, <&c., and divides itself into the two cases of 
deposits on metals, and on non-metallic models the formation of 
which has to be undertaken. 

(2) We require the newly-formed metal to incorporate itself 
with that on which it is placed, and which it is our object to protect 
from atmospheric and other influences or to beautify ; this dLass of 
work is called electro-plating. 

This classification would appear to be the really important one, 
but this is not the case ; for the result is simply a detail of the first 
head in the next classification to be considered. 

(i ) The preparing of the object to be deposited upon, including 
moulding, cleaning, <&c. 

(2) The actual deposition; selection, and making of the required 
solutions, and regulating the electrical energy for the due per- 
formance of the required work. 

(3) The finishing off the completed work. The first and last of 
these are in the main mechanical operations, and may be considered 
together. 
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315. Thb Pbeparation of the Objects. — Here the first qnes- 
tion is : Do we require an adherent deposit, a superficial plating ; 
or do we wish a removable coating, an electrotype ? The first can 
only be obtained upon a metallic surface, and that surface must be 
of a metal not acted upon to any great extent by the solution to be 
used ; thus it is in vain that we may try to get a coating of copper 
on an object of 2dnc or iron in a solution of sulphate of copper. 
This comes under the second head, however. 

To obtain an adherent deposit there is one essential — cleanliness. 
And in this sense that word means the perfection of that virtue, 
not such cleanness merely as will satisfy a scullery-maid, or even 
her mistress, as to the plates and dishes, but chemical cleanness, 
the absolute absence of any foreign matter whatever, as such matter, 
however clean to ordinary ideas, is dirty as Lord Falmerston defined 
it, matter in the wrong place. Thus, a piece of silver or gold 
tskken off a shelf, however bright and clean it might look, would 
not take an adherent coat if put into a coppering or silvering cell 
and deposited upon ; on burnishing it probably, on heating it ' 
certainly, the coating would blister and strip. The reason is tibat 
every substance whatever has a film of air closely attached to it, 
and the deposited metal forms on this film and not in molecular 
contact with the metallic surface ; thus, in the case considered, the 
air, however pure it may be, is dirt — i. e. it is in the wrong place, 
between two surfsu^es we want to be themselves in absolute mole- 
cular contact. 

If a surface has been cleaned *to perfection and it be touched 
with a dry finger, on that spot the deposit will be non-adherent, 
and in many cases, if cleaned by liquid processes, even a momentary 
exposure to air will cause the formation of a film of oxide, &c., 
which, infinitesimal and even undiscoverable a0 it may be, will still 
prevent adherence, so that it is of extreme importance to understand 
what is meant by chemically clean, and how to secure that con- 
dition, if it is desired to avoid the most mortifying disappoint- 
ments. 

If, on the other hand, we desire a non-adherent removable de- 
posit, we require ordinary cleanliness, the removal of loose ex- 
traneous dirt, and everything which would interfere with the 
formation or beauty of the deposit, but we must carefully deface 
chemical cleanness of surface by means described, § 321. 

316. Articles may be cleaned either by dry or wet processes, the 
first, of course, consists mainly of brushing with the aid of polishing 
materials, fine silver sand, emery, tripoli, whiting and rouge, ac- 
cording to the nature of the article. It should be observed here 
that whatever condition we desire in the finished article we must 
produce in the object before conmiencing deposition : bright parts 
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should be bnmiBfaed, and all roughness of workmanship smoothei 
o£^ and all file marks and scratches carefully removed. There is, 
howeyer, this limit to this observation, that in adherent coatingB 
absolute finished polish is not desirable, and even thongh it is 
proper to burnish tibe required parts so as to give a close finish, yet 
before actual deposition this burnish should be slightly and super- 
ficially removed, as perfect adherence is less easy to obtain on an 
absolutely smooth surface, though an instant's dipping in strong 
acid is enough to give the burnished surface the capacity of ad- 
herence without deteriorating from the beauty of finish. 

The best cleaning and polishing apparatus is in the form of 
circular brushes mounted upon a lathe ; in factories this is always 
employed in the form of the scratch-brush lathe, a rough affiur 
driven by steam or by a common treadle, with fittings to supply a 
oonstant drip of various liquids found to facilitate the action, such 
as soap and water, stale ale, &c. Amateurs who have no lathe employ 
the common hand brushes of bristles of various degrees of sti&ess; 
for the harder work of cleaning, the wire " card " is very useful, 
and for the more delicate work scratch brushes are employed, in 
the form of bundles of very fine wire bound round with stronger 
wire (which is unrolled as the wires wear down). These are made 
usually of hard brass, but iron is also needed, and in some very 
delicate work, brushes of spun glass are useful. The same sort of 
brushes are employed in finishing off the articles after deposition. 
These matters being purely mechanical and self-obvious to anyone 
after a little practice, it is not necessary to go further into detail 
about them. 

317. Many metallic substances it is advantageous to heat and 
plunge into acids ; but this must not be done with objects which 
are soldered, or whose temper or hardness it is necessary to pre- 
serve. As a rule, the first thing to be done (where this heating is 
inapplicable) is to remove the greasy films which most objects ac- 
quire either in use or course of manufacture : this is effected by 
boiling and rubbing in a solution of caustic soda, made by boiling 
about 2 lb. of common soda crystals with milk of lime, produced by 
slaking ^ lb. of quicklime with hot water and well stirring ; this 
will produce a gallon of suitable solution, from which it is not neces- 
sary to remove the carbonate of lime formed, as it will assist in the 
cleaning. The boiling must be effected in an iron pot, not tinned, 
as tin would be dissolved and deposited upon objects afterwards. 
After this alkaline bath the objects should be well washed in several 
waters or imder a running stream. They are next cleaned in acids, 
and again very carefully washed before passing into the depositing 
vessel ; but this stage requires a classified consideration based on 
the several metals of which they are composed. 
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(i) Silver may be washed in dilute nitric acid, then dipped in 
strong nitric acid for an instant and washed. It will require no 
further treatment. There must be nor hydrochloric acid or chlorine 
salts present. 

(2) Copper, hrciss, and German silver are immersed in a pickle 
oomposed of water, loo parts ; oil of vitriol, loo parts ; nitric acid, 
specific gravity i * ^, 50 parts ; hydrochloric acid, 2 paj-ts. 

The nitric acid is of the strength sold as double aquafortis. An 
acid prepared for the purpose is sold as ''dipping acid." Two 
vessels should be employed for this acid ; one fresh, for a final dip 
of an instant or two, and one partly spent, in which the princip&L 
cleaning is effected. If there are green spots of verdigris on the 
object, these should be first removed by rubbing with hydrochloric 
acid. 

For coppering, this cleaning would be enough ; but for silvering 
and gilding, it is better to coat the surface with a thin film of mer- 
cury. This is effected by means of a solution of i oz. of mercury 
in nitric acid with 3 parts of water diluted to one gallon ; there 
will form a grey or blackish deposit over the surface, which, on 
brushing sofdy, gives place to a brilliant coating of mercury ; the 
object i^ould be transferred to the depositing cell the instant this 
is obtained, otherwise it soon tarnishes, and will require fresh pre- 
paration. There should be a little free nitric acid in this mercury 
solution, and whenever there forms a black deposit somewhat ad- 
hering, it is evidence that the mercury is becoming exhausted. 
Solder, lead edges, <&c., give much trouble, as it is very hard to 
prevent a black line forming at the junction which prevents silver 
taking ; these spots require treatment with a stronger solution of 
mercury, or a plan I have somewhat modified from Watt's may be 
often used : to a soft brush (camel's-hair pencil), tie one or two iron 
wires of No. 25, or thereabouts, so bent that the points closely fol- 
low that of the brush, which is to be dipped in a weak solution of 
sulphate of copper free from acid, and drawn over the solder, the 
iron touching it ; a reaction is set up, which causes the copper to 
be deposited in a thin adherent film, on which the electric deposit 
will fis itself. Nitrate of copper, prepared by dissolving the metal 
in weak nitric acid, is even better than the sulphate for this pur- 
pose. 

(3) Britannia metal, pewter , tin, and lead should not be dipped in 
the pickle, but rinsed in a fresh caustic soda or potash solution, 
and transferred at once (without passing into water) into the solu- 
tion for silvering. The reason is that the 'oxides of tin and lead 
are soluble in caustic alkalies. 

(4) Iron and steel are soaked in a solution of i lb. of oil 
vitriol in a gallon of water, with a little hydrochloric and nit] 
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adcU added. Cast iron reqxdies somewliat stronger solntionB and 
Tory oarefal rubbing with sand, &c. Steel, on the other hand, re- 
quires weaker solutions. They may often be effectually and speedily 
cleaned by connecting them as anodes to a single cell in this sdu- 
tion, using a plate of copper as a cathode. 

(5) Ztne may be treated similarly, but it is desirable to finish with 
a dip into stronger acids before tiie final washing. Most of the 
French " bronzes" are made of zinc, and some do well for silyering 
on. In these last cases no oopper or other metals should be dipped 
in the baths, and soldered joints must be treated as described 
above. 

These latter classes require special preparations and treatment 
in the depositing baths, but just the same classification is adyan- 
tageous there as in the cleaning processes, and the details will be 
given when treating of the depositing processes themselves. 

J 1 8. Pbbpabino Old Wobk. — In replating old goods it is essen- 
that the former silver, &c., should be removed, otherwise a 
black line forms at the junctions, and sound deposit cannot be ob- 
tained. In factories, this is usually effected mechanically by the 
scratch brush, with the aid of oil and rottennstone, and the debris 
are collected and reduced to recover the metals. The metals may 
also be removed chemically. 

(i) To Bemove Chid. — ^Immerse in strong nitric acid, and add 
crystals of common salt ; after a time, when the acid is exhausted, 
evaporate to dryness, and fuse with soda or potash to obtain the 
gold. 

(2) To Bemove Silver. — ^Lnmerse in pure oil of vitriol, and add 
nitrate of potash (saltpetre), and heat. This may be done in a 
copper vessel. When spent^ dilute largely, and throw down the 
silver with scraps of zinc, or as chloride, by adding hydrochloric 
acid. The silver may be recovered from this by fusing with car- 
bonate of soda, or by mixing with zinc cuttings and sulphuric acid, 
or it may be used for a chloride of silver battery. 

(^) To Bemove Copper, — From silver, boil with dilute hydro- 
chloric acid. 

(4) To Bemove Tin and Lead. — A hot solution of perchloride of 
iron (jewellers' rouge, or the druggists' carbonate of iron dissolved 
in hydrochloric acid) will dissolve copper, tin, or lead without at- 
taclong silver or gold. 

319. Vessels. — For all the foregoing processes, no better ves- 
sels can be had than the best hard brown earthenware ; for small 
articles, a kind of basket is made of this material with handle for 
dipping and shaking about. The same material is available for 
the plating liquids themselves, though glass is preferable for small 
operations. For washing, it is well to arrange a succession of 
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vessels with spouts, or sliglitly inclined, at such a level below each 
other that a stream of water will flow from the highest to the' lowest, 
so that by rapidly passing the object from the lowest npwards, it 
is perfectly cleaned ; for amateurs, the simplest plan is to hold them 
under a water tap, and remove them in a pan of water straight to 
the next stage. 

320. GoNKEOTiONS. — All objccts must be securely connected 
electrically with copper wires. Where it is possible, these should 
be soldered, but usually the connection has to be one of mere 
contact ; for large objects, several wires should be provided ; for 
small ones, such as spoons or forks, little stirrups of No. 30 or 32 
wire are best, flxed to a stouter wire, and the points of contact with 
the object should be frequently shifted, otherwise it will be defaced 
by a mark when finished. For this reason, the wire actually in 
contact with the object should always be as small as possible, though 
it may be flxed to a stouter wire at a short distance. These con- 
nections may generally be attached before cleaning : if otherwise, 
they should be flxed under water, and with the hands scrupulously 
clean. 

The mode of connecting non-metallic objects is described, § 331. 

321. Eemovablb Bbposits. — ^Elbotbottpbs. — The objects on 
which these are to be formed should be made simply clean by the 
removal of loose dirt ; they should then be lightly rubbed over with 
a tuft of cotton wool moistened with turpentine, with a piece of 
beeswax the size of a pea dissolved to the quarter pint ; this, when 
dry, will not interfere with the deposit, but will prevent adhesion. 
The back and all parts not intended to be deposited on should be 
covered with varnish or wax for acid solutions, or with a solution 
of guttapercha or indiarubber for cyanide solutions, which dissolve 
fatty and resinous substances. Parafi^ is even better for these in 
cold solutions, but is of course useless when heated, as in gilding. 
See also §331. 

322. Moulds. — Many of the objects desired to be reproduced 
have to be deposited, not on the objects themselves, but upon copies 
or moulds made from them, and some judgment is necessary in 
selecting the best materials for the purpose ; we have to consider 
(i) of what material the original object is made, and (2) the material 
which will work best with this, and at the same time suit the 
particular process of deposition to be used ; thus we must avoid 
using a material which might injure the original, and also one 
which would be acted on by the solutions ; this latter being the 
case with all resins, wax, and stearine in cyanide solutions. We 
should regard flrst the objects to be moulded from, the processes 
being considered in the order of their advantage. 

(i) Metallic objects, coins, and medals, &c., are moulded from in 

T 
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fiiBiUe metal, gnttaperoba and marine glue, plaster of Paris, or 
oomposition ; the surface shoulcL generally be nibbed with sweet oil 
to prevent adhesion ; or if it is not objectionable, they may be well 
polished with plumbago. 

(2) Pkuter casts may be moulded from in plaster, in which case 
they must be rendered perfectly non-absorbent by the means 
described ; they may also be copied in composition, in which case 
they must not be so prepared, or the object and mould will adhere, 
but must be so saturated witib water that the surface is moist but 
not wet, at which stage the composition can be poured on. 

(3) Wax or Sulphur objects may haye moulds taken from th^n 
in plaster. 

323. FusiBLiB Metal ob Cliches.— This material has the adyan- 
tage of requiring no preparation to render it conducting, and is 
connected by simply pressing a heated tinned wire on any suitable 
spot, and protecting by varnish the parts not to be deposited on. 
The principal objection to its use is the deamess of bismuth, to 
which the ready fusibility is due. The mixtures most ayailable 
are: 

Tin. Antimony. Bismnth. Fuse at 

308 212° 

418.. 
102 200° 

The metals are to^be melted and added in the order in which they 
are arranged, stirred well together, and granulated by pouring 
gently into water. The alloy should then be melted afresh, and 
granulated two or three times to insure complete mixture. The 
yalue of these bismuth alloys arises from their assuming (as solder 
does also) a pasty condition before setting, and from their expanding 
in the act of cooling, thus taking a very sharp impression. A 
small paper case, such as a pillbox cover, a little larger than l^e 
medal to be copied, is slightly oiled, and sufficient melted alloy is 
poured in ; it is then placed on a table, and stirred with a piece of 
card till it becomes pasty ; its surface is then lightly swept free of 
any oxide by passing the edge of a card over it, and the medal, 
which should be attached to a holder, is brought sharply and firmly 
down upon the metal, pressed till it sets; and left on till the whole 
is cool. 

324. GtTTTAPEBOHA is a good moulding material, and takes black- 
lead very readily ; but as it shrinks in cooling, it must not be used 
to surround any object, as it would not be removable without 
injury; for the same reason it requires to be kept under strong 
pressure until cold ; it is, therefore, best adapted to flat objects. 
It should be well softened in boiling water, and worked together in 
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cool water, and again heated to boiling temperature and formed 
into a ball, which, being applied to the middle of the snrface, is 
worked ont in all directions at the edges of contact, so as to preyent 
any air being enclosed, and as soon as the whole is evenly covered, 
it shonld be put under a weight or press to cool, for which purpose 
an ordinary copying press answers perfectly. • For large sur&ces 
sheets may be used. They should be warmed, one edge brought 
carefully in contact, and the sheet gradually lowered while au 
assistant presses it up to the object ; in this case the sheet must be 
new, as guttapercha oxidizes and forms a hard surface, which would 
break up and defEU^e the mould. A mixture of two parts of gutta- 
percha melted, and one part marine glue added, is in some respects 
superior to guttapercha alone. The glue, which has many uses, is 
best bought, as it is troublesome to make; it consists of i lb. 
caoutchouc, soaked for twelve days (till dissolved) in four gallons 
of coal naphtha ; to each pound of this liquid two pounds of shellac 
are added, and heated in a closed vessel till incorporated. For 
guttapercha moulds the objects should be lightly oiled to prevent 
adhesion. 

325. Flasteb of Pabis. — This is sulphate of lime, or gypsum, 

deprived of its water of crystallization. This is effected by heating 

to 500^ Fahr.; if heated beyond this, it loses its power of setting, 

but when properly prepared it has so strong an afi&nity for water that 

in combining with it a solid substance is formed. The plaster 

should be &esh, and it is best to warm it before use in an oven, or 

over a fire, till it bubbles slightly ; it should then be dropped 

lightly into a vessel of water, the excess of water poured off, and 

the material worked up to a paste capable of being poured out. 

The object to be copied is oiled, and if flat is placed in a frame of 

BufBcient depth and covered with a thin paste of plaster, brushed in 

to secure freedom from bubbles, and then the plaster is poured over 

till suf&ciently thick. It should be allowed to set thoroughly 

before removal, and then baked gently to remove moisture. It 

must be thoroughly saturated with a resisting medium — ^tallow, 

stearine, or parafiBn ; and the best mode of doing this is to place the 

mould with its face upwards in a vessel containing a little of 

the melted substance, and heat till the face shows that the protecting 

agent has been drawn to it by capillary action ; then warm the 

mould gently by itself to remove any excess, and allow it to cool 

before applying the plumbago. Some use boiled oil, but it is not 

safe, as it requires to be very thoroughly dried before it can be trusted 

in the solution. Moulds well made can be repeatedly used, and the 

saturating material can be recovered afterwards by breaking into 

pieces and boiling in water, when the substance will melt and form 

a film on the water when cold. 

T 2 
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326. Wax Composition. — Many materialB have been recom- 
mended ; the object of the mixtures is to prevent undne shrinking: 
this is partly effected by addition of powders, such as flake white, 
carbonate of lead (which, however, is partly acted on by the 
solutions), plaster of Paris, and plumbago or powdered graphite, 
which assists in producing a quick and even coating. The best 

mixtures are 

Wax. Besin. Stearine. 



The wax is the ordinary yellow beeswax, and the stearine such as i£ 
used for composition candles; good hard mutton suet may be 
substituted. The materials should be melted together gently two or 
three times, and when used should be poured on the model just as 
part of the material begins to set, not while hot. The object is to 
be oiled and placed in a flat vessel, or if round, as a coin, a piece of 
paper should be tied round it ; it should be slightly inclined when 
the material is poured on, so that this may rise steadily over the 
surface, and drive off all air bubbles ; when set, the paper band should 
be removed and the whole allowed to cool for several hours before 
the mould is detached. 

327. Solid Objects. — Moulds of these have to be taken in two 
separate parts. They should be bedded to half their depth in fine 
sand or other powder, in a case large enough for the purpose, and 
three or four pegs or wires fixed in and projecting from the sur&ce 
of the sand ; the moulding material is then poured on, and when 
cold, the case is reversed, all the sand removed, the surface of the 
mould trimmed and prepared so as to prevent adhesion, and then 
material is poured on so as to enclose the object entirely ; when 
cold the two halves are separated ; deposits may be made upon each 
mould, and the edges united with solder. Some objects may require 
more than two divisions of the mould, but by similar means (which 
are, in fact, the ordinary process for casting metals) any complicated 
object may be copied, unless the elastic mould process is preferred. 

328. Busts and Undbboitt Objects. — The latter cannot be 
moulded from direct. They can have a mould taken in the elastic 
material next described ; in this may be formed, of wax composition, 
a duplicate of the object, from which again a mould may be made 
of plaster and the wax melted out, thus producing a hollow mould 
which will be necessarily impervious, and in which the deposit can 
be effected. Hollow silver vessels have been made in this way, by 
depositing a copper coating on the wax duplicate, which being 
melted out, silver is deposited within the copper, which is then 
dissolved off by the process given. 
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329. Elastio Moulds. — Glne is soaked in water till soft, and 
then melted in a water-bath as usual, and to it is added one fourth 
of its dry weight of treacle ; this forms an elastic composition such 
as printers' rollers are made of, and if carefully treated may be 
melted and used many times. To make the mould, a vessel is to 
be taken large enough to contain the model, which must be itself 
duly prepared to prevent adhesion, and if hollow, filled with sand 
and a stout paper pasted over the opening ; the vessel is to be oiled 
inside, the object stood within, and the composition poured gently 
over it« After standing 24 hours to cool and set, the whole is 
shaken out of the vessel, and a sharp clean knife run through from 
top to bottom in the most suitable line, when with care the mould 
may be opened and the model withdrawn ; the mould is then closed 
and a stout paper cylinder formed around to support it. This 
mould is, of course, unfit to use with liquids ; a &esh model is 
formed within it of some mixtures of wax, &c., the composition of 
which is intended to produce a material which will take a good cast, 
and will also melt at a heat which will not injure the mould, for 
which reason also it should be poured in just when it shows a 
commencement of setting, not when just melted. Equal parts of 
beeswax and resin, with a little tallow and powdered graphite, may 
be used, but the preparation patented by Mr. Parkes is best for 
forming deposits direct upon the model ; it consists of 5 lb. beeswax, 
and 5 lb. deer's fSeit melted gently together, and 6 oz« or 8 oz. of the 
following solution added : 

Phosphorus Solution, — i part by weight of phosphorus dissolved 
in 15 of bisulphide of carbon: this has the property of reducing 
the nitrate of silver and chloride of gold, weaJic solutions of which 
are to be provided and employed as described, § 330. 

3 30. Insibgts, Flowers, Laos, and many other delicate objects 
can be given a beautiful metallic coating. 

(i) Immerse in a solution composed of the phosphorus solution 
(§ 329), to which is added (in proportion to i lb. of phosphorus), 
I lb. wax, I pint spirits of turpentine, and 2 oz. of caoutchouc dis- 
solved with I lb. of asphaltum in bisulphide of carbon. 

(2) Immerse in solution of nitrate of silver containing about 
I dwt. of silver to the pint. The object blackens, when it is to be 
removed and washed ; it will then take a deposit, but will be 
improved by the next solution. 

(3) Immerse in solution of chloride of gold containing 4 grains 
of gold to the pint. 

The object should be first carefolly attached to the connecting wire 
before the immersions, and after them washed by gentle dipping 
into several waters, not with any great agitation, as the metallic 
coating is a mere non-adherent dust. By this process there may be 
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made the most beautiful objects to be conceived, by a careful seleo- 
tion of the feathered grasses, and some of the finer-leaved flowers; 
coating with silver, copper, and gold, and producing different 
colours on these metals, which should of course be in very thin 
films ; they need, however, to be put under a glass shade cemented 
to its stand so as to be air-tight. Elegant ornaments may be made 
also from some of the finer Parian and other earthenware covered 
in this manner, and variegated with bright and dull parts and 
colours. Leaves, &c., may also be copied by taking a flat sheet of 
warmed guttapercha, dusting over with gold bronze, or fine plum- 
bago, laying on the leaves, sea- weed, <&c., then covering with a 
polished metal plate, and screwing gently up in a press. 

331. CoNDUOTiNa SuBFAOE. — The best known process of render- 
ing the surfjEMO of non-metallic objects conducting, is to coat them 
with a film of plumbago or blacklead. The ordinary article sold 
for household use cannot be relied on ; it is best obtained of a 
dealer in scientific apparatus, because, though they charge a very 
long price as compared with the common article, a little also goes 
a very long way, and much trouble is saved. The gas carbon used 
for plates, &c., if very carefully ground in water, answers perfectly. 
The connecting wire should be carefully adjusted to the mould, by 
imbedding in the plaster, or in other materials, by warming and 
pressing in, and great care must be taken to make the plumbago film 
commence in contact with this wire. In large moulds it is desir- 
able to arrange the conductor before moulding, and to solder to it 
(within the space to be occupied by the mould) a number of fine 
copper wires, the ends of which are to be placed in contact with 
various parts of the surface of the object, selecting points not likely 
to be defaced, and especially the deepest points of any cavities; 
the points of these wires will form so many starting points and 
junctions with the plumbago ; with medals, &c., it is best to take a 
wire all round the circumference. Wires may be applied during 
the first period of depositing, so as to touch the finished mould on 
its fjGice and form temporary connections which are to be taken 
away as soon as a complete film has formed over the whole surface. 
The plumbago is best applied with a camers-hair brush, working it 
lightly in, and occasionally breathing lightly on the surface if the 
powder does. not readily adhere; in some cases, where there is 
obstinate non-adhesion, the spot may be held for an instant over 
the mouth of a bottle containing spirits of wine. In some cases 
plumbago is unsuitable, as when a hollow vessel much undercut or 
chased is to be copied ; in this case the phosphorus solution and 
process described § 329 is best employed. I have advised the use 
of powdered graphite in moulding materials, with the object of faci- 
litating this coating and connection, as it renders the materials 
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partially conducting. In this case (and wherever plumbago has 
touched accidentally parts not intended to be deposited on, and also 
in medals when only the £BMse is intended to be cofaed and yet there 
is a wire all round) every part not to be deposited on should be 
coated with a non-conducting film ; either resin or copal varnish 
or melted wax will answer in acid solutions, but paraffin or solu- 
tions of guttapercha or indiarubber should be used in cyanide 
and other alksJine solutions. Napier gives a protecting varnish 
for the latter, which, however, I have not tried. *' Pitch is easily 
affected alone, but on boiling it in potash a heavy and dirty sedi- 
ment is left, destitute of any adhesive property ; on putting a 
quantity of this sediment into a pot nearly filled with melted pitch, 
a violent effervescence will take place, setting free a volume of white 
fumes having a creosotic smell. After all effervescence has ceased, 
which will not be for a considerable time, and when all the mass seems 
to have been acted upon, the process of making an excellent pro- 
tecting coating is completed — a coating which will not yield in the 
solution, and which is at once both good and cheap, its only fault 
being its brittleness." . This applies rather to metal surfiEM)es to be 
protected than to parts of non-metallic moulds. 

332. The general laws of the electric circuit studied in 
Chapter YII. govern the deposit of metals. In the older works on 
the subject two terms. Quantity and Intensity, § 240, were much 
dwelt on, and the ideas thus set forth still retain their ground and 
cause much confusion. It was upon these ideas that the leading 
and most original writer upon the subject, Smee, based his laws, and 
in order to derive from these past labours what good they can now 
furnish, and then show how much more advantageous are the 
results of later knowledge, I will now give an abstract of Smee's 
own exx)eriments and the laws he deduced from them. 

When a metaUic solution is subjected to voltaic action the metal 
is reduced, but not always in the same state. If we dip a knife 
into a solution of copper sulphate, bright copper is deposited ; but 
if we immerse a piece of zinc, the copper is thrown down in a black 
powdery mass. Again, if zinc is immersed in an ammoniacal solu- 
tion of copper sulphate, the metal deposited is bright, while iron in 
a dilute and acid solution of the sulphate reduces black metaL 
Though these are apparently simple chemical actions, the same 
diversity of deposit is obtained electrically. Thus, if we take a 
saturated solution of copper sulphate, and pass through it a feeble 
current, crystalline copper is deposited ; if we dilute the solution 
with two, three, or four times its bulk of water, the metal is de- 
posited in a flexible condition (which Smee calls " reguline ") ; on 
dilution to a very great extent, the metal deposits as a fine black 
powder. By placing in a tall vessel, quietly, so that they do not mix, 
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a strong solution, then a weaker, and lastly water with traces of add, 
after a little whUe a perfect gradation of strength is reached, and 
if two copper plates, extending through all the strata, are connected 
to one galvanic cell, the varying conditions will produce all these 
classes of deposit at the same time on a single electrode — ^black 
powder at top, reguline metal at the middle, crystalline copper at 
the bottom. From this fact the conclusion is to be drawn that the 
nature of the deposit depends upon the strength of the solutioxL 
Again, taking a solution of copper, with some acid in it to make it 
a good conductor, and wang with it first a very small cell, then 
two or three ordinary cells arranged in series, and then a very 
intense battery, we, with this one solution, again obtain, first a 
crystalline, then a reguline, and finally a black deposit ; showing 
that the amount of electricity passing also controls the state of 
the deposit. Therefore '* we are forced irresistibly to the conclu- 
sion that to obtain with certainty any particular metallic deposit, 
we must regulate the galvanic power actually passing to the strength 
of the metallic solution. This is the fundamental principle — the 
very essence, in fact, of " electro-metallurgy." Hence are derived 
these laws : 

I. Black deposit is produced when the current is so strong, as 
compared with the strength of the solution, that hydrogen is set 
• free at the negative plate. 

IL Crystalline metal is deposited when the current is so weak, 
as compared with the solution, that there is no tendency to evolve 
hydrogen. 

III. Metals are reduced in the reguline state when the current 
so balances the strength of the solution that it is insufficient to 
actually set gas free, but produces a strong tendency thereto. 
There are also two forms of crystalline deposit — one of a sandy, 
loose character, due to deficiency of the quantity of current in a 
strong solution; the second from a large quantity of current as 
compared with the size of the plate ; thus, by using a large anode 
with a small cathode in a strong solution, large crystals of extreme 
hardness are produced. 

333. There can be no doubt that Smee, by setting forth these 
ideas, did much towards developing electro-metallurgy ; yet they 
are only very partially true. The experimental bases are imper- 
fectly comprehended, and the laws deduced are incapable of exact 
application. 

Anyone who has mastered the relation of current to force and 
resistance will see, when it is pointed oat, that the fundamental 
experiment is fallacious; for though the same battery and elec- 
trodes are in action, the rate of current will vary at different 
heights, and no certain deduction can be made, except thi'a one, of 
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supreme practical impoTtance — that stratificBition of the li^nidfl 
should be carefolly avoided by frequent stirniig np. An instrao- 
tire experiment may be arranged, which does milly show the re- 
lation of deposit to strength of solution, by preparing six cells, 
containing — 



Saturated aolation of copper sulphate. 



I part, water 2 parts. 



I part of No, 5. Water, 1 part. 



3 parts, water contain- 
ing ^oth in bulk 
of snlphuric acid 
I part. 



These being arranged in series by means of plates of copper 
1 X I inch, coated on one side with paraffin, have the current 
passing under perfect control and necessarily eqnal in all. By 
using plates of this size the relations of cnirent to area of sar&ce 
are also studied. 

In such an experiment I have found differences in tha qualities 
of the copper, but nothing like what oceura in Smee's experiments. 
The teachings as to strength of solution and its influence were 
but small, for I found good deposits in all with great ranges of 
currents. The teaching as to qwdity of solution was, however, 
very important, for in aU cases the deposit in No. ; was by far the 
best — bright oolonred, silky surface — even in thictness, and tongb 
in texture ; No. 6 came next, and No. 1 was the worst. 

334, The real laws of electro-metallurgy are the ardinatT laws 
of toe current known as Ohm's formula ; these have been (uready 
folly examined, and we need now deal only with their special 
application. We have to balance the electromotive force and the 
resistance of the battery against the resistance of the depositing 
cells in proportion to the rat« of deposit we require, according to 

B 
the formula ^ ' 0, and we must regulate the deiMly of ihe current 

§§ 337, 340 (which we have hitherto had nothing to do with) to the 
size of Buriace we have to deposit upon, and the quality of metal 
we wish to produce. 

335. Elbotbdhotivb Fobob should be kept as low as is con- 
sistent with proper speed of working, because it is eipeneivo ; 
that is, we should use no more cells tiian are necessary in Beries. 
Ea(^ reaction bos an electromotive force suited to it; less will 
either not work or work very slowly; more is waste, becausp 
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instead of adding cells to force the work, we ought to correct the 
resistances to the natural conditions of the work. We should only 
add cells when we wish to produce a more rapid deposit than the 
natural state of resistances allows, and then the qualitj of the 
deposit is likely to suffer. 

The electromotive forces of the batteries useful for electro- 
metallurgy are, roughly and for average continuous working, in 
Yolts: 

1. Gopper, zinc, in acid *3 

2. Platinized silver *5 

3. Daniell i* 

4. Nitric acid cells 1*6 

These give results in BA units of current or vebers ; and these, 
multiplied by 5 * 68, give the current in chemics, and therefore 
express at once the weights of any metal deposited in a given time 
by aid of the equivalents given in Table XIIL, p. 212. 

The electromotive forces required for depositing metals are in 
volts about : 

1. Copper '5 to I 

2. Silver 1*5 „ 2 

3. GUding '3 „ .5 

That is to say, i Smee or Daniell is enough for coppering, 3 
Smees or i Grove for silvering, and i Smee or copper cell for 
gilding; providing in all cases power is not wasted by needless 
resistance, bad connections, thin wires, &o. ; but higher forces are 
required to obtain quick deposits. 

336. Bbsistanobs should be balanced so as to be about equal in 
battery and cell. This may be roughly put thus: the surfiEMses 
exposed of zinc and negative in battery, of object and dissolving- 
plate or anode in depositing cell, should all have nearly the same 
area (except in gilding, where resistance is needed). The resist- 
ance may be greatly varied in the depositing cell by changes in 
size of anode and distance apart. Thus it will be seen in §§ 341-3, 
that in some cases it is very desirable to have some distance 
between the plate and object, which increases resistance. In 
these cases this may often be met by enlarging the size of the 
anode, which diminishes resistance. 

It is desirable, however, to use large plates in the battery, 
because large cells work best ; and then if small objects only are to 
be deposited on upon occasion, if the density of the current is too 
large, owing to the disproportion, external resistance (as a length 
of wire) may be introduced, enough to reduce the current to the 
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I proper proportion ; or if the constmction of the battery permits, 
the distance between the plates or that in the cell may be increased 
sufficiently for the purpose; or a smaller anode may be used, 
though this is often disadvantageous. 

337. Density of Cubbent. — According to Ohm's formula 

E 

- = we can calculate, knowing the elements, the current pro- 

duced in any case. Thus taking i Daniell cell as i volt force, 
and assuming the total resistance as i ohm in a circuit in which 
copper is being deposited, we have i veber per second, or a current 
equal to 5 * 68 chemics or grain equivalents per ten hours ; under 
those conditions the galvanometers (described, §§ 179, 180) would 
mark 5 * 68 ; and this, multiplied by 3 1 ' 75, the equivalent of copper, 
shows that copper is being deposited at the rate of 170 grains per 
ten hours, or 17 per hour. This is the total current, and it is 
evident tlmt the conditions of the deposit, the quality of metal, &C., 
will depend wholly on the extent of surface over which it is spread ; 
on a large plate it might be a mere film, on a wire it would be a 
thick coat. This is what is meant by density of current. Now 
there is a relation between density of current and the state of 
saturation of the depositing solution, and they increase together ; 
the more dense our current, the more rapid our deposit (not from 
the solution or total deposit, but for a given area), the stronger our 
solution may be, and must be to get good metal. But very strong 
solutions have drawbacks, to be afterwards considered; and we 
cannot conveniently alter the strength of our solutions continually. 
We must ascertain, then, what range of density of current suits our 
solutions, and then be careful to keep the conditions within that 
range. If the density of current be too great, we get a sandy or 
even black powder as a deposit ; if it is too slight, we get a crystal- 
line brittle deposit. Happily, the range is considerable within 
which good results may be obtained. 

As yet this subject has never been philosophically treated ; the 
facts are known and the matter is loosely described in works on 
the subject ; but no one has, within my knowledge, attempted to 
deal with it definitely. There is in fact no recognized unit of 
density of current, because few people in practice have definite 
ideas upon the current itself. In order that my readers may 
remedy this, I will ^ upon a unit in accordance with the system 
used ^roughout this work. Our unit of current is the chemio ; 
call our unit of surface one square inch, then the imit of density of 
current becomes one chemic per square inch. 

338. The object of having a galvanometer in circuit will now be 
seen, as well as the special advantage of the forms, §§ 1 79, 1 80. Any 
galvanometer will show if all is going on right, but these show at 
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a glance, not only the total work doing, but in electro-metallnrgy 
will tell OS the quality of metal depositing, and enable ns to regu- 
late the conditions to produce the effect we desire. 

339. Tension. — The ideas attached to this word now replace 
those formerly described as due to '* Intensity." We are concerned 
with them at present chiefly as part of the conditions for main- 
taining the requisite current. But they have also another bearing 
to which little attention has yet been paid. As seen, §§ 289, 295, 
the plates or electrodes act as condenser-plates, and the molecales 
in contact with them will necessarily be under different conditions 
according to the tensions, which depend upon the electromotiye 
force of the circuit, the resistance between the plates, and the pro- 
portion this bears to the total resistance of the circuit. The 
resulting effect of high tension at the electrodes (that is to say, of 
a great distance or resistance between them overcome by using high 
electromotiye force) is a deposit of hard metal ; low tension pro- 
duces a softer metal, and this difference is due to the molecular 
conditions existing at the electrodes themselves ; for all other con- 
ditions, such as strength of current or rate of deposit, and denmiy of 
current, or size of the electrodes, may remain the same, while the 
varying hardness of deposit is controlled by the difference of 
tensions. 

340. Abranqement of Objeots. — This includes the considera- 
tion of several distinct sets of principles, as to each of which it 
is very desirable to obtain clear conceptions: i. The position 
— ^horizontal or vertical. 2. The relative proportions of object 
and anode. 3. The distance to be maintained. As to each of 
these, I will give experimental illustrations, which I recommend 
the student to follow out, and even those practically well acquainted 
with the subject will find their knowledge become much more 
definite and exact by carefully examining the conditions of such 
systematic experiments. To obtain their full teachings it is essen- 
tial to have in the circuit a galvanometer whose readings are 
definite. 

The solution to be used is that already shown to be best for all 
objects not acted upon by the acid — viz., 3 parts saturated solution 
of sulphate of copper and i part of dilute sulphuric acid, i to 10 of 
water by measure. I have tested the range of density of current 
such a solution will allow, and will here give the experiments and 
results, each having been continued for such time as to give the 
same weight of copper per square inch of surface. 

The unit of density is that taken § 337 — viz., i chemic of current 
or I equivalent in ten hours (that is, nearly 32 grains of copper), 
upon I square inch of surface ; and in the experiments a quarter 
equivalent was deposited, i. e. 8 grains, giving a thickness equal 
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to stout paper. The experiments were all made with a large 
Darnell's cell, and the current varied by means of resistances. 

unit taking 30 hours : excellent coating. 
15 5> good tough copper. 



I. 


•I 


2. 


•2 


3- 


•5 


4- 


!• 


5- 


2' 


6. 


y 



» 5> 

n jj 



5 
i 



a beautiful deposit, 
very good, 
sandy at edges, 
bad all round the edge. 



The first four deposits were hardly distinguishable ; the metal 
was tough and tore without cracking. As with all deposited, and 
therefore crystalline, metals, none would bear doubling flat ; but 
after heating red-hot, they could be hammered double, and opened 
without cracking. In 5 and 6 the middles were good enough, but 
the metal round the edges was of a loose, sandy nature. 

It would therefore appear that the rate of deposit of copper 
shoiQd not exceed i^ units, but that it may be as much less as is 
desirable without injury to the quality of the metal. 

Large, and especially flat, surfaces will allow a quicker deposit 
than small objects ; objects having sharp edges or projecting points 
require slower deposit and special precautions, §§ 341, 343. 

341. Position. — Place a strip of copper, at least 4 inches long, 
vertically in a vessel with a corresponding anode, and pass a small 
current, leaving the apparatus undisturbed for some days. It 
will be found that the anode is dissolved away mostly at the top, 
and if thin, it will be perforated with holes, or even cut completely 
through at the surface of the liquid. The cathode, or receiving 
plate, on the contrary, will have a thick coating at the bottom and 
least of all at the top. The edges will be formed of groups of 
nodules, forming a thick edging, and the lower comers will show 
this particularly, and bulge out somewhat. Besides this, in all 
probability, the whole surface will be marked by vertical lines, 
mostly commencing in a dot, and forming a sort of prolonged note of 
exclamation (!). Now repeat this experiment in a rather long, narrow 
trough, or in a vessel with a porous division, or even in two glasses 
connected together by a siphon or some thick cotton wick, and use a 
saturated solution of copper sulphate with no acid. In a short time 
the anode will become coated with small crystals of sulphate of 
copper, which will entirely stop the current, and the previously 
noted conditions will be exaggerated at the receiving plate or 
cathode. The explanation is to be found in the actions described, 
§ 30^j P* 263 ; at the anode copper is being dissolved and the solu- 
tion becomes stronger ; the newly-formed salt, being heavy, sinks, 
and leaves acid when present above ; or if the solution is saturated 
it cannot be dissolved, and is therefore crystallized where formed. 
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At the cathode copper is removed from the solntion, which, becoming 
lighter, rises along the face. Now take a thin glass beaker, con- 
taining water and some light powder, and hold one side close to a 
Hansen's burner, and notice the conditions of a heating liquid ; a 
constant stream will soon be generated, rising along &e warmest 
side, flowing along the surface, descending along the cool side, and 
flowing along the bottom. This circulating stream is due to the 
different speciflc gravity of warm and cold water. Exactly the 
same conditions are produced by the same cause in the depositing 
vessel ; we have a stream of lighter acid liquid rising up the cathode, 
flowing along the surface, and impinging on the anode, which is there 
chiefly acted on ; this increases the weight of the liquid, and forms 
a corresponding stream down the anode and along the bottom, 
which, reaching first the lower part of the cathode, there delivers 
up most of its metal ; in consequence of these two states, the line 
of least electrical resistance becomes a diagonal one, from the top 
of anode to bottom of cathode, instead of being uniform through 
the liquid and at right angles to the surface. Most writers 
describe this action as due to simple stratification of the liquid 
owing to differences of density. This is erroneous, as the liquid 
would not stratify ; it is the circulating current of liquid which is 
the cause of the mischief, and the evil becomes greater as the height 
of the objects is greater. This current is the cause of the lines 
and spots. The slightest irregularity of surfi&ce (and all surfaces 
are, scientifically speaking, rough) deviates this current, and the 
obstruction grows every instant as the metal is deposited. 

Now, take two goodnsized plates and arrange them in the solution 
horizontally, one at the bottom, the other at the top ; connect this 
latter to the zinc of the battery for the cathode. In a little while 
the current will be stopped if from one cell ; if from several, so as 
to force its way, the cathode will be found covered with a loose 
friable deposit, or even a black powder, while the anode will be 
coated wiih. crystals. Clean the plates and replace them, but make 
the lower one the cathode. Now a good, even deposit will go on ; 
in this position all requirements are satisfied, the acid dissolves the 
anode, the product descends and gives up its metal to the cathode, 
while the liquid being uniform all over the surfetce, the electric 
current is evenly distributed. This is the best position, therefore, 
especially for large flat surfaces and deeply-cut medallions, &c., 
but it is rarely employed because of its inconvenience, which, how- 
ever, is much exaggerated. The impurities of the liquid and of 
the anode are precipitated on the deposited plate and deface it ; 
but this may be avoided by filtering the liquid before depositing, 
and placing above the objects a frame fitting the vessel loosely, and 
covered with muslin or net, upon the surface of which is laid a 
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sheet of filtering or blotting-paper. Of course the leading wires 
muBt be coated with a protecting cement. 

The usnal position (and for nearly all except flat objects, the 
necessary position) is one of vertical suspension ; in this case the 
point of suspension should be frequently changed, the liquids be 
frequently stirred up, and best of all, the objects kept in constant 
motion, if possible. Means have been devised to cause a circulation 
of the liquid, but they have mostly failed, for the very good reason 
that regubu: circulation of the liquid is, as already shown, the very 
thing to be most carefully avoided, unless it is directed in a course 
opposed to that which would be set up naturally. If irregularities 
are seen to be forming, they should be removed by filing off, &c., as 
they constantly increase; but care must be taken to attend to 
instructions as to the removal of objects, § 348, or else the deposit 
will be apt to form in non-adherent layers. 

342. Relative Fboportioks of Aj^ode and Cathode. — They 
should be nearly equal in extent ; or, the anode should be slightly 
the larger; if other conditions as to position, distance, &c., be 
attended to, the relative sizes is a matter of little moment as 
regards the actual deposit going on, but if they differ much, the 
composition of the solution will alter, especiaUy if large currents 
are passing. Fig. 63, p. 193, will assist in the understanding of 
these relations, and also teach how best to arrange the objects so as 
to equalize as much as possible the lines of resistance, and there- 
fore of proportional current, passing from each point of the one 
surface to points on the other. As a consequence of the modes of 
transmission and action of the current described, § 306, there is not 
in all cases an equal solution of anode and deposit on cathode, and 
thus the liquid may be impoverished or enriched in metal according 
as. the anode is too small or too large. This applies more to 
cyanide solutions than to acid ones, because the former are much 
more complicated in their chemical constitution, and are therefore 
much more liable to be modified under the influence of the current 
But it will occur even in copper salts. 

343. The Distance to be maintained. — Place two small plates 
of copper connected to a single cell in a large vessel of copper 
solution, at first about one inch apart, and note the deflection of the 
galvanometer; now gradually increase the distances and observe 
the steady fall of the deflection. This indicates that the resistance 
to the passage of the current increases with the distance between 
the plates. Bend the receiving plate into a Y form, and present 
the edge towards the anode, and it will be found that the deposit 
will be thickest there, gradually thinning away. In the same way, 
if the receiving plate be a circle or square, and the anode be much 
smaller and placed near and opposite the centre, the deposit will 
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be found thick in the middle, and thinning gradually away upon the 
flat Bar£BM)e. The farther the anode is away, the less variation will 
there be in the thickness of the deposit. If now we draw plans of 
these arrangements and strike lines across, we shall see the reason 
is to be found in the principles of liquid conduction, § 233 ; wher- 
eyer these connecting lines from anode to cathode are shortest, 
there will the deposit be the greatest; the electric current dis- 
tributes itself through every possible path open to it in proportions 
exactly the opposite to those of the resistances each path offers. 
To get even deposits therefore upon the cathode, the anode should 
be equally distant from all parts of it. This is easy in flat plates, 
and these may therefore be arranged very close together ; in cir- 
cular objects the same result is obtained by surrounding them 
either with a large cylindrical anode or by suspending strips all 
round them. Whenever objects are irregular in form, and espe- 
cially when the surface is deeply chased or imdercut, it may be 
taken as a sound principle that tiie distance apart should be con- 
siderable in order to diminish the difference of the distances of the 
Srominent and deep parts from the anode; ia such cases it is 
esirable also that the action should be slow, in order to allow the 
exhausted liquor to be replaced in the hollows. This is of especial 
importance in coating non-metallic moulds ; in fact, it is well in 
these to secure deposit first in the hollows, by presenting into them 
the point of a coated wire, as the only anode at first, for it is by no 
means uncommon, though very vexatious, to find these hollows 
obstinately refusing to take a coating at all when a large pro- 
minent siuface around them has secured a coating, this being so 
much better a conductor than the film of plumbago. As a rale, 
better and more even deposits are obtained when the distance is 
considerable than when it is small ; the drawback is that either the 
rate of deposit is diminished, or else, in order to maintain it, 
great battery power is required. These are elements of time 
and cost against distance, but quality of deposit is in its favour. 

Another advantage of placing the anode and cathode at a con- 
siderable distance is, that it necessitates large vessels and a good 
body of liquid, conditions opposed to the setting up of currents, 
and tending, by the greater area of diffusion, to the maintaining a 
more uniform condition in all parts of tiie vessel. This remark 
applies, of course, to amateurs ; in factories the vessels are always 
large, and the anode plates and objects to be deposited upon are 
distributed about, according to the number and form of the objects 
to be operated upon. 

344. In some cases it may be desirable to control and vary the 
rate of action upon different objects immersed in the same solution, 
or to ascertain the exact amount of metal deposited upon such 
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objects. This may ba easily efiected, beoanee a nmnber of electric 
ciurrents may be passed throngb the Bsme solation without ister- 
feriug vrith each other ; it may even be effected from a eiugle 

The process is this : instead of using a battery of size suited to 
the tot^ work to be done, a number of small batteries are to be 
employed, each adapted to doing the work required upon one article 
or set of objects. AH the positive poles may then be connected to 
one anode, or a number of plates, distributed about the solntion, 
but acting oa a single anode ; the negative wires are to be attached 
separately to the objects open which each is intended to direct the 
current, which then, by the ordinary meoua of rwistanoe and 
galvanometers, may be controlled and measured. An extension of 
this principle will be found, § 381, applied to the purpose of con- 
trollmg the state of the solution and the process, in depositing 
alloys. 

345. Dkpdsitiho Afpar&tus. — Tt is desirable to provide a means 
of connecting and arranging the objects witbont trusting to more 
wires, which are also troublesome, and apt to get in contact or to be 
disturbed. When square vesaela are used this is easily effected by 
having bars of brass across, with a clamp at one end to grip the 
vessel. Fig. 70 shows the inner angle of a frame which I have 

Fio. 70. 




found reary oonveuient for the arranging of objects. A is a bar of 
hard wood with three mortises out into its end to receive the three 
flat bars of wood i, 3, 3 ; the lower side of i and the upper side of 
2 are faced with strips of stout sheet brass, or copper silvered, and 
these are connected to the binding screw + by taming the ends 
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up outside A. The other end of the £nune is exactly similar, exoept 
that the lower side of No. 2, and the npper one of 3, are &ced or 
oonneoted to the — binding screw; thus at the end shown, a is a 
metal-lined opening, having an unlined opening corresponding to it 
at the other end of the frame, while the opening h is unlined, and 
its corresponding one at the other end lined. Metal rods passing 
through these openings are therefore in connection, the upper ones 
with the -f- and the lower ones with the — pole of the battery. 
B is such a rod, the end flattened out and formed into a spring, 
which presses upon the plates and allows the rod to be placed as 
desired by means of the projecting end. The anode plates are 
hung upon the upper rods and distributed as required, and the 
objects are slung by wires from the lower, or — rods, which are 
connected to the zinc of the battery. 

This frame can be placed over any vessel if provided with a 
support, and can be lifted up slightly, and moved about occasion- 
ally, to disturb the liquid, or even may be kept in constant gentle 
motion by mechanical means, if these are avaUable. 

346. Dbpositino Solutions. — Before describing the special solu- 
tions for use in each case, it will be well to study those general 
principles applicable to all, the comprehension of which will lead 
to. intelligent and successful working. A perfect solution would 
be one which contains sufi&cient metal for rapid working ; will give 
it up freely under the influence of the current; will also freelj 
attack the anode, but only while current passes, so as to keep the 
quantity in solution uniform ; and which has no spontaneous action 
either upon the metal to be deposited or that on which the deposit 
is to be effected. All these qualities are rarely combined, but our 
object is to obtain as many of them as possible. In' selecting salts, 
therefore, we have to consider — 

(i) Chemical Beactums, — It is desirable that the non-metallic 
TBiAicsl should have very slight power of attacking the metal, or of 
forming with it basic salts ; thus, sulphate of copper is preferable 
to nitrate, because sulphuric acid does not act on copper except 
when aided by extraneous energy, as when the current passes. But 
it is eaaential that this radical should have little or no tendency to 
combine with the metal on which deposit is to take place, because 
this will be sure to prevent adhesion ; thus it is impossible to 
deposit copper direct upon iron from the sulphate of copper, because 
the sulphuric radical tends to combine with the iron. 

(2) Solubility, — This has two bearings — quantity and rapidity 
of solution ; as a salt may dissolve abundantly and yet slowly ; or 
the liquid may rapidly become saturated, and yet very little be 
dissolved. Thus, sulphate of copper dissolves freely enough as to 
quantity, as the solution contains 30 per cent, of the salt, but it 
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dissolyes slowly, and the consequence is that as fresh salt forms at 
the anode it is very apt to crystallize there instead of dissolving, so 
that it is necessary to have suf&cient free water present to prevent 
this. 

Under this head also has to he considered the necessity for the 
presence of some free solvent besides the salt itself. Thus, in 
copper depositing, free sulphuric acid helps greatly ; and in silver 
depositing, the presence of free cyanide of potassium is essential to 
dissolve the cyanide of silver as it forms. 

(3) Electric Resistance, or Conductivity, — Of two or more solu- 
tions otherwise equally satisfactory, one may be a much better 
conductor than others, and the importance of this is that it requires 
fewer cells in series to work it, and therefore costs so much less. 
It is from this point of view also we must consider chiefly the effect 
of other substances in the solutions besides those taking part in the 
chemical action — viz. the metallic salt and the excess of the 
solvent. As a general rule, such bodies do harm rather than good, 
for which reasons all formulte should be regarded with distrust 
which load the solutions with chlorides, or sulphates, or carbonates 
of the alkalies. 

347. Coppering Solutions. — (i) For all ordinary purposes, 
that is for depositing upon non-metallic objects, upon copper, brass, 
German silver, and lead, the best possible solution is that already 
mentioned : saturated solution of sulphate of copper diluted with 
one-fourth of water containing one-tenth by measure of sulphuric 
acid. 

(2) Iron, zinc, pewter, and Britannia metal require an alkaline 
solution. The one commonly used is cyanide of copper dissolved 
in cyanide of potassium. It may be made by the battery process, 
which is also available for silver and gold. A large sheet of the 
metal connected to the -f- pole of a battery is suspended in a 
solution of cyanide of potassium of suitable strength (three-quarters 
of an ounce to the pint), a small plate is attached to the negative 
pole and suspended in a porous cell in the same solution, and the 
battery worked until deposit forms on this latter. This plan is 
convenient for lazy people, but it leaves free potash in the solution, 
which takes up carbonic acid from the air. The best plan is to 
throw down a neutral solution of sulphate of copper with cyanide 
of potassium as long as a precipitate forms. This should be washed 
several times, and dissolved in cyanide of potassium. 

This solution requires to be kept at a temperature of icxD° to 
150° Fahr., and to be worked with a battery powerful enough to 
give gas off freely at the cathode or object. About 2 Groves, 
4 Daniells, or 6 to 8 Smees, in series, will do this, their size being 
regulated according to that of the object* 

u 2 
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(3) Waifs Solution, — Carbonate of potash, 4 oz. ; snlpliate of 
copper, 2 oz. ; liquid ammonia, 2 oz. ; cyanide of potassium, 6 oz. ; 
water, about i gall. Dissolve the sulphate of copper in boiling 
distilled or rain-water, and, when cold, add the carbonate of 
potassium and ammonia. The precipitate formed is redissolyed. 
Now add the cyanide of potassium until all blue colour disappears. 

(4) The best Solution. — This I ha^re modified from the foregoing, 
chiefly by omitting the carbonate of potash, which is unneoessary. 
Per pint of solution the quantities are about : Sulphate of copper, 
^ oz. ; liquid ammonia, ^ oz. ; cyanide of potassium, f oz. But 
tiie simplest directions are : Dissolve ^ oz. of sulphate of copper 
for every pint of water ; add ammonia till all precipitate is redis- 
solved, forming a deep blue solution ; then add solution of cyanide 
of potassium till this colour quite disappears ; add ammonia and 
cyanide whenever required to keep the solution in good order. 
When these are deficient, the anode coats itself with a blue powder. 
This solution requires the same battery power as the cyanide one ; 
it must be worked also so as to give off gas, but the advantage of it 
is that it works freely when cold. 

As these solutions are expensive to work, they should be used 
only to form a perfect film of copper. The work is then to be 
completed in the ordinary acid bath ; but g^eat care must be taken 
in effecting the change to wash off every particle of solution, and 
to dip the object in acid before putting it in the acid bath, other- 
wise the second deposit will not adhere to the first. If ammonia is 
in excess, copper may not deposit, or, more strictly, it is redissolved 
at once. If die solution is too rich in copper, the metal may come 
down as a powder : the deposit is in fact a compromise between 
copper and hydrogen, and it is necessary to attain the happy 
medium at which good adherent metal is produced. 

348. Defositino the Copper. — Copper may be deposited by 
what is called the single-cell process, which is simply arranging 
the object as the negative met^ of a Darnell's cell, as to which see 
p. 97. A battery and separate vessel is far the best plan. The cell 
being arranged with the anode connected, and the object being per- 
fectly clean, it should be connected to the zinc of the battery, and 
immersed without exposure to the air, if adherence is required ; if 
a removable deposit is wanted, then the precautions must be taken 
mentioned §321. It is better to use a rather strong battery at first, 
to secure deposit all over the surface ; after a few minutes the object 
should be examined without removal, and a soft , brush may be 
passed all over it, especially into hollows, to remove any air 
bubbles. For non-metallic objects, it is often better to insert them 
without a regular anode at first, and to guide the deposit to the 
deepest hollows and points most distant from the connection by 
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holding near them a wire, or small strip of copper, as the anode, 
till 9 general coating is. secured. ' Objects should not be discon- 
nected, or removed from the solution ; but if a very thick deposit is 
wanted, it will be requisite to remove the object occasionally, and 
file away the nodules and irregularities which always form. In 
all cases of removal, even for a minute, the same precautions must 
be taken as at first immersion to secure a perfectly clean surface, 
and the best plan is to dip into weak nitric acid, and instantly place 
in the bath. Even a minute's exposure to the air suffices to form 
a slight brownish film of oxide, which, though scarcely visible, 
effectually destroys the coherence of the deposit. 

349. Kemovino the Deposit.— When a sufficient thickness has 
been secured, the object is to be taken out, washed, and allowed to 
dry, and if it is to be removed (as from a model) all excrescences 
and overlapping crystals (which are generally rather brittle) must 
be carefully removed, one edge gently detached, and the coating 
stripped off when its form permits ; in some cases of deposits upon 
metals this is difficult, but will be facilitated by holding the object 
over a flame or placing it on a hot iron, heating the deposit most. 
The deposit has at first an extremely rich colour, which would be a 
most valuable aid to ornamentation if it could be preserved, but 
unfortunately its endurance is very slight, and a few hours in the 
air destroys its beauty. For most purposes, therefore, when the 
surface is to be preserved, not to be used, it has to be prepared by 
some means of colouring. 

350. Bronzing. — Brown.— -This is produced by a suboxide of 
copper, obtained of various shades : (i) Moisten with water, to a 
wineglass of which five or six drops of nitric acid are added, allow 
it to dry, and then heat till the desired shade is obtained. (2) Bub 
well in and cover with finely-powdered peroxide of iron (jewellers* 
rouge or red hematite ore); heat till nearly red. (3) Darker 
shades may be obtained by mixing the peroxide of iron with black- 
lead, ground to a fine paste with spirits of wine. The copper is to 
be covered with this paste, and heated till too hot to hold, then 
brushed well. When the colour is obtained, the objects should be 
warmed and polished with a cloth, which contains a little beeswax, 
and all excess of this removed with a clean cloth. A very good 
effect is also obtained by first bronzing to a deep colour and then 
lightening the projecting parts by touching with a piece of leather 
moistened with ammonia. 

Black may be produced by polishing with plumbago or by dip- 
ping in a weak solution of chloride of platiniun : both these require 
lacquering afterwards. A beautiful dark bronzing is produced by 
dipping in a weak solution of sulphide of ammonium or of potas- 
sium, drying and polishing with an oiled or waxed doth. 
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Green is easily produced by putting a little ebloride of lime in a 
Banoer, hanging the object over it, and coyering with a shade till 
the desired effect is obtained. 

Verd Antique^ for busts, &c. — Sal-ammoniac, 8 parts ; sea-salt, 
8 parts ; liquid ammonia, 1 5 parts ; white yinegar, 500 parts. Brush 
over with this solution several times and allow to dry slowly. 
There are many other processes, but the foregoing are the most 
simple and effective. 

351. Gtakids 07 PoTASSiUK. — The commercial article varies so 
greatly in quality, that it is almost useless to give quantities for 
use. There are two sorts, the white which is commonly used, and 
the black which is the best The white cannot contain more than 
75 to 80 per cent, of the pure cyanide, the rest being cyanate of 
potash necessarily produced in the reaction ; but, according to the 
impurities of the materials used, and the care ta^en in mining, it 
may contain as little as 50 per cent. Indeed, I have purchased 
cyanide containing only 50 per cent, from some of the first houses. 
It is so easily prepared that it is better to do so than to buy it. It 
is prepared from ferrocyanide of potassixun (yellow prussiate of 
potash) and carbonate of potash, the latter of which is the common 
source of impurities, of which sulphate of potash is the most im- 
portant, as it is not only useless, but destroys also its equivalent of 
the cyanide first produced. The ferrocyanide is to be crushed and 
dried very thoroughly upon a heated iron plate till the water of 
crystallization is driven off and a perfectly white powder produced, 
of which eight parts are to be tf^en by weight to three parts of 
carbonate of potash similarly dried. These proportions give one 
equivalent of cyanate of potash to five of cyanide, and form the 
white product. By adding i^ part of finely-powdered charcoal the 
whole is converted into cyanide, and the product is black through 
a remaining excess of carbon. An iron crucible or pot, carefully 
freed from any rust, is heated to a low red, and tiie materials 
(very thoroughly mixed and still warm) are inserted by degrees 
and brought to perfect fusion, in which they should be kept for 
twenty minutes, stirring occasionally but kept covered at other 
times ; the stirring is effected with an iron rod, which is to be ex- 
amined ; the coating it brings away is at first brownish, at last 
becoming a clear porcelain white, when the operation is complete. 
This gradation of colour cannot be observed when charcoal is 
used, but the diminution in the gas given off by the fused liquid, 
which should be kept at a just visible red, will indicate the com- 
pletion of the reaction. The pot should then be removed, allowed 
to stand a minute or two for the iron to settle, and the clear liquid 
poured off upon aii iron slab, broken up and bottled tightly while 
warm, as it is deliquescent and deteriorates by absorbing carbonic 



ELECTRO-HETALLUKGY. 295 

acid from ihe air. The residuary iron and cyanide should he 
scraped out while hot and placed in water, and the solution filtered 
off for immediate use in precipitations, &c. N.B. — ^It is one of the 
deadliest of poisons. It will not keep in solution. 

352. Test fob fbeb Ctakidb. — ^It is very convenient to have the 
means of ascertaining at any time the exact quantity of free cyanide 
in any solution, and the percentage of the real substance in any 
sample. I have, therefore, deyised a system based upon the ordi- 
nary decimal measures obtainable anywhere, and upon the basis of 
one ounce of cyanide per gallon of solution ; from one to two ounces 
being the proper working strength. One ounce per gallon is equal 
to 62 * 2 16 grains in 10,000 ; the equivalent of cyanide of potassium 
is 65, and it takes two of these to precipitate and redissolve cyanide 
of silver from the nitrate of silver, the equivalent of which is 170. 
The test solution, therefore, is prepared from pure nitrate of silver, 
40-18 grains dissolved in a 10,000-grain flask of distilled water ; 
4*02 grammes in a litre make the same solution, which is equiva- 
lent, ^k for bulk, to a solution of one ounce of cyanide in a gallon, 
and may be used with any measure whatever, properly divided. I 
prefer to take 1000 grains of it and make it up to 10,000 again ; to 
take 100 grains of the solution to be tested, by means of a gra- 
duated pipette, and then add this weaker solution to it from an 
ordinary alkalimeter. As soon as the precipitate ceases to rodis- 
solve on shaking, the test is complete. A slight cloudiness in the 
liquid marks this point. 

To test a sample of cyanide dissolve 62^ grains in the 10,000- 
grain flask and treat this in the same way. Thus, if a sample is so 
treated, 100 grains placed in a small flask or bottle, 1000 grains of 
the test put in an alkalimeter and dropped into the flask as long as 
the precipitate disappears, and upon adding 520 grains in this way 
a permanent faint cloudiness is produced, the sample contains 52 
per cent, of real cyanide. If the original test solution is preferred, 
1000 grains of that to be tested must be used, and the result is the 
same. 

35:5. Test fob Silveb and Gold in Solution. — This can be 
ascertained by the quantity of cyanide necessary to redissolve a 
precipitate ; but as cyanide does not keep in solution the test must 
be prepared when required. Make a solution, and test its value as 
pure cyanide as just described. Take a measure of the solution to 
be tested, and throw down the metals with sulphuric acid, washing 
the precipitate till all acid is removed ; add the cyanide solution 
from a graduated vessel, stirring, till all is redissolved. Calculate 
the quantity used as grains of pure cyanide, and every 65 grains 
indicate 108 of silver or 197 of gold, but not correctly in old solu- 
tions owing to the other metals present. A known measure of the 
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ovanide solntion in excess of what is needed to dissolve the pre- 
cipitate may be used, and the excess measured by the process foi 
free cyanide and deducted from the measure used ; it is more easy 
to hit the exact quantity by this means. 

354. 81LVEB Solution. — There are many different formulss gi^en 
in various books, and many have been patented^ but as there is 
only one which is really satisfactory, I shall give only a few words 
to the others. Some recommend the use of ferrocyanide of potas- 
fiinm instead of the cyanide as a solvent ; it is no economy, and the 
solution renders the silver very liable to strip. Hyposulphite of 
silver in hyposulphite of soda quickly spoils by the action of light. 
Chloride of silver in chloride of sodium deposits a chalk-like coat- 
ing useful for some purposes ; it answers^ well for dock and other 
difiJs, and may be applied by simply rubbing on and well washing, 
just as well as with a battery for this purpose ; it has no advantage ^ 
as a solution for use in the battery process. All the processes ) 
which involve the dissolving of oxide, carbonate, or chloride of 
silver are bad ; they waste materials and load the solution with 
salts of potassium much better absent. Cyanide of silver dissolved 
in cyanide of potassium is the only solution which can be recom- 
mended. It may be and is commonly prepared by making a solution 
of cyanide of potassium of the desired strength (f oz. to the pint), 
hanging in it sheets of silver connected to the positive pole of a . 
battery, and inserting a porous cell, containing the same solution 
and a copx>er or iron plate connected to the negative pole. If cnr- 
rent is passed until a deposit forms on this latter plate, the solution 
will be of proper working strength. The only advantage of this 
process is the saving of a little trouble, but it leaves in the solution 
an equivalent of caustic potash, which absorbs carbonic acid and so 
loads the solution with an unnecessary salt which does at least no 
good. The best way is to prepare the solution chemically. 

Silver Nitrate is readily prepared by dissolving in tainxi acid; 
the latter varies so in strength thai it is useless to ^ve quantities; 
the solution is aided by moderate warmth. Commercial silver with 
copx>er present answers perfectly, and it is not necessary to crystal- 
lize if the excess of acid is carefully neutralized with carbonate of 
soda; it is best, however, to buy crystallized nitrate of silver, 
which can be bought for little more than the value of the silver it 
contains, as it is a by-product in several large operations. 

Silver Cyanide, — A weak solution of silver nitrate is prepared, 
and solution of cyanide of potassium very carefully added as long 
as a white precipitate forms. It is even better to pass hydrocyanic 
acid into the solution, but as this (prussic acid) is so deadly a gas, 
the greatest care is necessary, and the ox>eration ought to be effected 
in the open air. This process, which is the same as is described 
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(§ 365) for recoyering spoilt solutions, throws down tHe cyanide 
of silver without any risk of wasting silver. When all the silver 
is precipitated, the solution should be vigorously stirred or shaken, 
and allowed to settle, the liquid poured of^ and the precipitate 
washed, and solution of cyanide of potassium added, and stirred up 
till it is dissolved ; it is then diluted to the required strength, and 
the proper quantity of free cyanide added. The precipitate should 
never be dried, as this alters its properties, and it will no longer 
make a good solution. After solution it may be crystallized as tiie 
double cyanide of silver and potassium, if desired ; this makes a 
good solution at any time. 

Strength of Solution, — ^About 2 oz. or 3 oz. of silver to the gallon 
is a good working strength. As the ounce of silver is 480 grains, 
and that of nitrate 435^, i6± grains of crystallized nitrate of silver 
to the pint will give a solution equal to 2 oz. of silver per gallon. 
Strong solution will work more quickly than weaker ones if ample 
battery power is used, but they require much more care in working 
to get a good result. The free cyanide should be equal to about 
half the weight oft silver in solution. With less, the solution con- 
ducte badly; with more, it is apt to dissolve off silver from both 
anode and objects. 

355. SiLVEB Depositing. — An experiment devised for lecture 
purposes some years ago, exhibits in so striking a manner the 
fundamental principles of electro-deposition that I cannot do better 
than describe it, and invite readers to repeat it for their own 
instruction. Take a clear glass vessel of some width, and cut a 
strip of wood to go across the top ; prepare three narrow strips of 
copper, as long as the vessel is deep, and fit wires to them ; fix one 
in the middle of the bar of wood, and the others (whose wires are to 
be long enough to reach to a battery, and allow me bar to be moved 
about) one on each side, as far apart as the vessel allows, all three 
being in oue plane, but not touching ; fill the vessel with a good 
silver solution ; connect the outer plates to a strong battery — one 
Grove or bichromate, or four Smees will do — and then steadily 
lower the plates in, watehing them with a strong light upon them. 
One remains unaffected, the middle one takes a bluish tint, the third 
becomes, as by a flash, a dead white. 

The middle one acts chemically on the solution, is partly 
dissolved itself, and precipitates on its surface a film of silver, 
through which the copper is visible, giving the peculiar colour; 
no length of time will greatly thicken this deposit ; but if, after a 
time, it is connected to the battery and regularly coated, in all 
likelihood the deposit will blister or strip under the burnisher. 
The plate connected to the zinc of the battery receives a true 
electric deposit, which under good conditions is so rapid as to pr 
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dace at once the dead wHte or ^' mat " silver. The plate connected 
to the poeitiye pole has, by the electric tension generated, been 
changed in its electro-polar relation to the liquid, the silver 
sides of the molecules are turned from it, and the action of tlie 
cyanogen radicals is exalted ; it, therefore, dissolves more rapidly 
than under chemical affinity alone, and it can no longer precipitate 
the silver ; or, at least, if any such chemical deposit does still occur 
(which can neither be proved nor disproved), the silver so thrown 
down chemically is instantly rediasolved electrically. 

It is evident, then, that objects to be coated should be connected 
to the battery hefore ivMMrsion. 

356. Now take a strip of copper and one of silver, connect them 
to a delicate galvanometer, and plunge them into the solution ; it 
will be found that a considerable current is generated ; this teaches 
ns that we should never commence the deposit in a vessel in whicli 
objects already coated are at work, because any combination will 
generate its own current, quite regardless of all other currents 
passing in the same vessel, and thus a current will pass between 
the new object and those already coated, notwithstanding that both 
are alike connected to the same pole of a separate battery. If one 
bath is employed, a separate battery should be used, both 4- poles 
connected to the same anode if we please, but the new object con- 
nected by itself to the zinc of one battery, until coated, when it may 
be transferred to the other connections. 

357. The proper plan is to have one large bath, in which nothing 
shall be inserted but articles already silvered ; by this means it is 
kept from being contaminated with the base metals. Other smaller 
quantities of solution should be kept for giving the first coat, and 
made suitable for the different metals, for a good deposit cannot be 
obtained upon Britannia metal and Ihe other pewters from a solu- 
tion in which copper has been plated ; they also require much more 
free cyanide of potassium than copper, brass, or German silver do; 
all these may be coated in the same bath, but not together. 

358. The first deposit, especially with the baser metals, requires 
to be effected under greater tendon than ordinary working, but not 
with too large a current — that is, too quickly. The way to effect this 
is to employ a powerful battery of small cells, and to use only a 
small anode, so as to secure high tension at thej plates by means 
of the high electro-motive force of the battery, and considerable re- 
sistance in the depositing cell, on the principles described, § 339* 
The tension must not be such as to give off gas. 

359. In any case, after the first deposit is perfected, the object 
ought to be removed, washed, and well scratch-brushed, to see that 
the deposit is perfectly adherent, as it is more pleasant to strip it and 
start ai^esh then (if necessary) than after the whole operation is 
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supposed to be completed. Wlien a thick coat is to be pnt on, and 
especially if there are ornamental edges and points, it is well to 
examine now and then, and if any nodules or roughnesses are 
forming, to file or work them off, perfectly cleaning the article 
before replacing. Objects should on no account be touched with 
the dry hand, but kept under water containing a little soda or 
potash, or cyanide of potassium, and handled only with perfectly 
dean hands. 

360. Another interesting experiment will illustrate the precau- 
tions necessary to observe with objects, and also that peculiar state of 
the liquid which is called polarizcUionf and which is the primary 
oondition of electric transmission. Suspend two plates, connected 
with a battery, as far apart as the vessel allows, or, say 6 inches or 
8 inches ; in the centre of two plates of copper, an inch or so 
square, punch holes, and rivet them firmly on the ends of a stout 
wire. Now suspend this arrangement in the- liquid between the 
plates, but not touching either, and having no metallic connection 
with the battery, but isolated in the liquid. After a little time it 
will be found that the end fiacing the anode is well coated with 
deposited metal, while the other end has evidently been dissolved ; 
the intermediate wire will share these two conditions up to the 
middle, but the principal action will be on the ends. The system 
has been, in fact, polarized in the same manner as cylinders are, in 
static electricity, when approached to a conduqtor, and the action is 
distributed in exactly the same way as a static charge would have 
been, in the opposite ratio to the resistance between each particle 
and the conductor. This shows that objects should never be left 
in the solution when not being deposited on ; if an object acci- 
dentally falls from, its wire, it should be at once removed and 
rearranged, for, if left, this effect will be produced upon it. 

The effect is not well observed in a silver solution, owing to the 
chemical action of the copper itself, and it requires a strong cur- 
rent ; in a copper solution the action is strikingly visible after 
a few minutes. The explanation of this action will be found 

§ 233i P- 193- 

361. Anodes. — These should be sheets of pure silver, around the 

tank; or in small vessels strips of various sizes may be used, 
so as to be distributed about the objects as required. They should 
not be attached to copper wire, which is acted upon, though it is 
greatly protected by a thick coat of solder over it ; they should be 
soldered to stout iron wire, or to strips of lead, neither of which 
does the solution act on, and these should have strips of copper, 
well silvered or gilt at their upper parts, for slinging upon the 
connections to the battery. 

If the anodes become coated with a greyish coating, the soh 
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wants more cyanide. Wlien common silver is used, the anodes in 
this case turn red or pnrple, owing to cyanides of copper, &c., 
forming ; but pure silver should be used, so as not to keep adding 
copper to the solution. 

262. WoBKiNQ THE SOLUTION. — A ucw solutiou does uot work so 
well as one in constant use. The carbonic acid of the air acts npon 
the cyanide of potassium, which therefore requires to be occasion- 
ally added ; the need for this is indicated when the action becomes 
sluggish, or the anodes and objects become discoloured. If the 
objects alone are dark ^nd d/xty in appearance, instead of a clear 
chalk white, or ric^ . . /eam colour, the current is too strong, and the 
anodes should be reduced in size, or placed farther away from the 
partiqular object, or, if the fault is general, the battery power may 
be reduced. Exp ..auce alone can teach all these details. The 
temperature ^uld be the average one of 6cP to. 70° Fahr. ; when it 
is colder, tue solutions do not work so well, and, if hotter, less 
battery po^ 3r will be required. 

After a yime, a precipitate usually forms, as a greyish-white 
flocculent powder, which is easily stirred up, and apt to settle on 
the articles, the solution should therefore be occasionally filtered. 
The precipitate is mainly impurity, but in some cases it may 
contain silver, so that it is as well to collect it, and when worth 
while, burn it in a crucible, with a little nitrate of potash added. 

363. Bbight Deposit. — Silver from the solution described is de- 
posited of a beautiful dead white or " mat," but it may be deposited 
with a brilliant surface, as if burnished, by adding bisulphide of 
carbon to the solution. About an ounce of this is shaken up in a 
bottle with a pint of strong solution of cyanide of silver, and plenty 
of free cyanide. This is added occasionally as required, little by 
little, to the bath. It should not be used on the small scale, as it 
is offensive and unwholesome ; excepting when in regular use, it is 
also apt to spoil the solution. 

364. Finishing the Wobk. — On removal, the object should first 
be dipped in water containing free cyanide, then rinsed in boiling 
water, allow.ed to dry, and placed in sawdust (box or mahogany, not 
pine). All parts intended to be bright should then be scratcli- 
brusned, either by the lathe or by small hand•^brushes ; hard hair 
brushes with fine sand or Bath brick may be used. Af^r this, the 
surface should be polished with tripoli or rotten-stone, and whiting 
and rouge, and then burnished with brightly polishm steel or 
agate burnishers, which are made of various shapes to snit different 
work ; the object should be kept wet with soap-suds wlnle burnisli- 
ing, or some use stale ale. This is an operation reJ|iuring much 
practice to do it well, and it is in fact a special buponess. Care 
should be taken to make the strokes of the bumishe Jalways in the 
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same direction, or only slightly deyiating from it where markings 
require burnishing down ; the strokes should never be crossed. 

365. Spoilt Solutions. — From various causes, and chiefly from 
the gradual accumulation of the salts of potash, resulting from the 
action of the air upon the free cyanide, the solutions in time 
become bad : they do not deposit freely metal of good colour, or 
the deposit tends to strip under the burnisher. It then becomes 
necessary to recover the metal and make fresh solution. Two pro- 
cesses are commonly recommended : (i) To add acid until all the 
metal is thrown down, and then melt the pr^ ^ 'mtate after drying ; 
this process is a dangerous one and must be ^xx cted in the open 
air, as poisonous gases, chiefly prussic acid, are given off. The 
residue must also be fused by degrees, as the 'j^^nide of silver does 
not fuse quietly ; it is better to reduce it wibix zin^ and a little 
hydrochloric acid — this also in the open air. (2) porate the 
solution to dryness and fuse till the sUver is reduced, and wash off 
the cyanide of potassium, which generally carries some ( the silver 
with it. 

The plan I recommend has the advantage of economy of mate* 
rials, and freedom from danger or nuisance. Place the solution in 
a large flask, fitted with a safety-funnel and delivery-tube, and 
coiinect to this by an indiarubber pipe a wide glass tube, which 
place in another vessel, so that its end dips half an inch or so 
under a solution of nitrate. of silver. Now add sulphuric acid 
gradually by the safety-funnel, allowing the effervescence to sub- 
side, and shaking the flask occasionally ; continue adding acid as 
long as it produces any fresh precipitate. Then, by means of a 
sand bath, heat the flask and keep the solution boiling as long as a 
precipitate continues to form in the other vessel. This precipitate 
is pure cyanide of silver, and only needs dissolving in cyanide of 
potassium to form the fresh solution. The precipitate in the flask 
is also cyanide of silver, but not pure, though sufficiently so for use 
in most cases ; if it is preferred it can be reduced by zinc and 
hydrochloric acid, or dried and fused. This process saves the 
cyanide of potassium otherwise required to precipitate the silver. 

366. The same process is really the best in preparing an original 
solution, placing, that is, a solution of cyanide of potassium in the 
flask and distilling over the hydrocyanic acid into the nitrate of 
silver. We thus avoid any risk of wasting sHver, and we get a pure 
product, for the gas will not precipitate copper or gold in an acid 
solution. The nitric acid of the silver salt is also saved, and will 
dissolve a fresh lot of silver, nor is it necessary to crystallize the 
nitrate, as the free acid is not injurious. If it is not desired to 
precipitate silver, cyanide of potassium may be obtained by substi- 
tuting caustic potash in the receiver for the silver salt, but in this 
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case the tube should not be connected till jast before the contents 
of the flask begin to boil, in order to allow the carbonic acid to be 
g^yen off; a little pmssic acid gas comes off too, and therefore the 
end of the tnbe should be led to a chimney, but yery little goes 
oyer till the liquid boils. 

367. Gilding Solution. — There are many formulaB giyen for dis- 
Bolying chloride, oxide, or fulminate of gold in cyanide of potassium. 
These are all troublesome, expensiye, and the last dangerous. The 
best plan is to dissolye cyanide of gold in cyanide of potassium. 
The strength should be from half to one ounce of gold per gallon, 
ftnd it may be prepared by the battery process, exactly as described 
for silyer. It is, howeyer, better to prepare the cyanide chemically. 
Pure fine gold should be used, but it may be obtained from any 
alloy by dissolying in aqua regia (i part nitric, and 3 of hydro- 
chloric acid), pouring off the clear liquid and washings of any 
residue, eyaporating off free acid, and precipitating the gold by 
protosuLphate of iron (green yitriol. or copperas), of which about 
fiye times the weight of the gold should be used. The gold is found 
(after standing an hour or two) perfectly pure as a dark brown 
powder. This, or " fine " sheet gold is to be dissolyed in aqua 
regia, as before, and free acid driyen off, care being taken that no 
yellow powder is formed ; if it is, by too much heat, a drop or two 
of acid must be added to redissolye it. This solution should be 
largely diluted and cyanide of potassium added, as long as any 
precipitate is formed. This is the cyanide, a lemon yellow powder, 
which only requires to be separated from the solution, washed, and 
dissolyed in cyanide of potassium. These are the usual instructions, 
but I adyise a little further proceeding to ayoid any risk of loss 
of gold by not hitting the exact point of precipitation. Add a trifle 
too much cyanide of potassium, so as to ensure complete conyersion 
and redissolving of a little. Filter off the cyanide formed, and to 
the solution add sulphuric acid till it giyes an acid reaction, and 
filter off after standing for some hours. Eyen then there is risk of 
the alkaline salts dissolying some little gold, but this may be 
recoyered by setting the solution aside with some scraps of zinc, 
which wiU throw down any gold so dissolyed. 

In dissolying common gold there is often found a residue which 
obstinately resists solution, yet retains the form and workmanship 
of the original article : this is the silyer of the alloy formed into a 
dense chloride. 

The chloride of gold solution may, if preferred, be neutralized 
with caustic soda or potash (not carbonate) until it is decidedly 
alkaline, and then either cyanide of potassium may be added, or 
hydrocyanic acid distilled into it to throw down the cyanide of gold. 
This solution is, howeyer, yery apt to retain gold in solution with 
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ttie residuary alkaline salts. If ammonia is used instead of the 
fixed alkalies, a precipitate is formed which is fulminate of gold, and 
must not be dried, as it becomes violently explosive. 

368. Spoilt Solutions. — These should be treated as described 
for silver, but the resulting cyanide, which will probably contain 
other metals, should be dried, mixed with its weight of litharge, 
and fused. The residue, after washing, is placed in excess of nitric 
acid, which will dissolve out the lead, &c., and leave the gold pure. 

369. Gilding, — This process is much more rapid than any of the 
others, as a few minutes is usually enough to give a good deposit ; 
this is due to the high equivalent 197, so that the same current 
deposits nearly twice as much as it woiild of silver, and more than 
six times as much as it would of copper. Gold has also very great 
covering properties, and a much thinner film gives a better appear- 
ance and protection than a similar thickness of other metals would. 
The usual difBculty indeed is that the work is done too fast. SmaU 
battery power is needed, a single Smee having suf&cient force. 
The solution is to be heated in a glass or enamelled iron vessel to 
130° — 180° Fahr. The warmer the solution the darker the colour 
of the gold, which is to be controlled by regulating the battery 
power and the heat. The anode should have the same surface as 
the object, and should be fine gold ; the object should be kept in 

. constant motion, and if the colour is too dark, its distance &om the 
anode increased. 

When the solution is to be set aside, water should be added to 
replace that evaporated off by the heat; at the same time free 
cyanide, if needed, should be added; there should be enough to 
keep the anode clean and maintain the quantity of gold in solution, 
but too much gives a bad colour to the gold, and redissolves the 
metal while it is depositing. 

Small objects may be gilt together in numbers by putting into an 
eai*thenware basket with a connecting wire to some of them, and 
shaking about in the solution, so as to expose fresh surfaces con- 
tinually. 

370. Finishing is effected precisely as described for silver. 
Volouring, — If the colour is bad it may be made rich by the 

following mixture : One part each of alum, sulphate of zinc, and 
common salt, and two parts of saltpetre are mixed in water into 
a paste, which is to be smeared over the articles, which are then 
placed on an iron plate upon a clear fire, heated, and thrown into 
cold water. A bsul colour in silver may be remedied with borax 
applied and similarly treated till it fuses. Articles united with 
soft solder cannot be treated by these processes. 

371, Plating Iron and Steel. — For some reason, dijfficult to 
understand, it is impossible to obtain an adherent coating of either 
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silver or gold directly upon iron or steel, no matter How perfectly 
the surface may have been cleaned. It is, therefore, customary to 
deposit first a mere film of copper from an alkaline solution, as 
previously described. A film of mercury would have advantages 
over that of copper, for the same reasons that such a film is 
frequently used upon even copper or brass to secure a more perfect 
union between the metals. But iron resists the union with mercury 
as well as with silver and gold, and it is very difficult to coat ite 
surfEMse with a perfectly even homogeneous amalgam, though many 
processes have been suggested and said to be successful. That whicli 
I have found best consists of a mixture in equivalent proportions 
of the nitrates of silver and mercury, in quantities represented by 
about 50 gr. of each metal to a pint of solution. The metals are to 
be separately dissolved in just sufficient nitric acid, the mercury in 
dilute and cold acid, and then mixed, sufficient free nitric acid being 
kept in the solution to feebly act upon iron when plunged in it. 
The metal leaves this solution covered with a dark powder, whicli, 
on lightly brushing under water, gives place to a bright surface. 
The object should be at once placed in the silvering solution, and, 
when a coating is seeu to be formed, it should be removed, washed, 
dried, and heated to about 400^ Fahr. : its surface should be then 
scratch-brushed, and the article replaced in the silvering solution 
till a sufficient coating has been deposited. Iron and steel may 
also be amalgamated by rubbing with sodium amalgam after well 
cleaning, and may then be plated in the same way as other metals. 

372. NiOKEL Platino. — This process has come into much use in 
the last few years, and, unless arrested by the great advance in the 
price of nickel which it has caused, it bids fair to be very largely 
employed for many articles in common use. There is, however, 
much misconception as to the purpose and advantages of a coat of 
nickeL It takes a very brilliant polish of a bluish tint, and 
the hardness of the metal enables it to retain that polish mucli 
longer than silver does ; then, unlike silver, it is not affected by 
sulphuretted hydrogen, and therefore does not blacken with the 
gases given off from burning coal or gas ; it is, therefore, admirably 
adapted for such purposes as shop-fittings, and particularly scales 
and weights, which would merely require to be washed or wiped in 
order to keep them clean ; and for window-frames and door-plates, 
which would long retain their beauty with little labour. But it is 
often stated that nickel resists acids) and this is not the case, for all 
the ordinary acids dissolve it freely ; it is, therefore, not suited for 
instruments to be used in chemical laboratories, or where acid fumes 
prevail ; nor is it adapted for lining to vessels used for cookery, as 
silver is. 

373. Nickel Solution. — Nickel may be deposited from almost any 
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of its solutions, but the statement commonly made in the books 
that it is yeiy easily deposited, is a very long way from the truth. 
The most convenient and manageable solutions are those in which 
a double salt of the metal and of an alkali is present, such as the 
double sulphate or chloride of nickel and ammonium, potassium, 
or sodium, (5r even magnesium. Cyanide of nickel dissolved in 
cyanide of potassium will also work well, and probably deposit 
more quickly than the others, but is, of course, more expensive, and 
has no advantages to compensate, and I shall speak only of the 
double sulphate of nickel and ammonia. Crude nickel is obtained 
in small, irregular fragments as reduced by the common process, 
and this dissolves freely in dilute sulphuric acid, and crystallizes 
out as sulphate NiSO^^- 7H2O 155+ 126 = 281, green rhombic 
prisms containing 7 atoms of water. Sulphate of ammonia 
(NH4)2 SO4 = 132 has the property of replacing one of these 
atoms of water and forming the double crystal NiSO^ (NH4)2 
SO4 -f- 6H2O = 395, a saturated solution of which, with a little 
water added to diminish the tendency to crystallize, is the solution 
to be employed. It is, of course, not necessary to crystallize the 
double salt at all, as the solution can be at once formed by dis- 
solving th^ two sulphates in the proportions given. 

A fair depositing solution may also be made by passing a strong 
current from a nickel anode into a solution of ammonium chloride 
(sal ammoniac) until the metal begins to deposit upon a plate 
within a porous cell, in the same manner as is described for other 
solutions. 

374. Depositino Nioeel. — The real difficulty lies, not in the 
selection of a solution, but in the management of the operation, for 
nickel is different from any of the ordinary metals hitherto described, 
in that its deposit is always accompanied by a considerable evolution 
of hydrogen gas ; this is, of course, pure waste of power, and the 
object to be aimed at is to get as little gas and as much nickel as 
possible. Another consequence is, that the deposit is apt to contain 
gas, and therefore to be porous or flaky, in which case the coating 
will be apt (as soon as it reaches a moderate thickness) to split and 
curl up, and separate in brilliant films. To prevent this, the 
solution should be strong, and the battery power carefully adjusted 
to the work doing. A powerful battery is required at first starting, 
siicli as two or three Bunsens in series, but as soon as a complete 
coating is obtained, economy and good working both require less 
force to be exerted ; for the main deposit a single Smee cell is suffi- 
cient, but its size must correspond to that of the objects to be coated, 
and the resistance of the depositing cell must be controlled by 
means of ample anode surface, fully as large as the objects. The 
solution must be kept neutral or slightly alkaline by addition of 

X 
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ammonia when neoessary ; the tendency of all ammoniacal salts is 
to become acid by losing ammonia, and any firee acid thus produced 
prevents metal from depositing, or redissolves it in the act of 
depositing, giving off hydrogen in its place. 

The great difficulty in the way of nickel plating in the small 
way by amateurs, to whom it would be very useful,* is that it is 
almost impossible to obtain the necessary anode : it is sometimes 
stated that a platinum anode will answer ; but this is not the case, 
as that means complete decomposition of the solution and the 
setting free of an equivalent of acid, besides which, it would require 
the constant renewal of the solution. 

Sulphate of nickel may be used in a single cell process exactly 
as in the case of copx>er, but it is an exceedingly wasteful plan, as 
the nickel salt passes through the porous cell, and is reduced upon 
the zinc plate, just as copper is. 

The surface of the nickel deposit, when good, presents a very 
peculiar appearance ; it is not bright — a bright deposit will usually 
peel off — ^but of a dull yellowish colour ; after removal and washing 
it has to be worked up to brightness by the usual processes of 
polishing. 

The following particulars of apparatus on the factory scale may 
prove useful : 

The depositing cdl contains about 70 gallons of liquid, in whicli 
the double sulphate is dissolved at the rate of three-quarters of a 
pound per gallon : it is a wooden tank, lined with asphaJtum cement, 
5 feet 6 inches long, 2 feet wide, and 14 inches deep. 

The haitery is a Cell containing about 10 gallons of liquid, whicli 
is a very dilute sulphuric acid (20 oimces to the charge is named), 
fitted with six amalgamated zinc plates 9 x 10 inches, with six 
equal sized carbon plates arranged alternately between the zincs. 

About 6 inches square of anode surface is used per gallon of 
solution, and the anode surface is always kept in excess of that to 
be plated. In some cases batteries are used consisting of two cells 
in series, similar to that described, the plates in each cell being 
connected so as to act as one plate of each kind. 

375. Ibon Dbpositiko. — Iron has very great chemical resem- 
blances to nickel, and most of the remarks made upon the latter 
metal apply also to iron. The solutions are corresponding ones, 
in which iron takes the place of nickel, but owing to the tendency 
of iron salts to pass into a higher state of oxidation, they spoil 
rapidly. Hydrogen is given off also, and it would appear that the 
corresponding oxygen appears at the anode, unites there with the 
iron, and thus tends to the production of basic salts. For these 
reasons, in the case of iron, the double chloride of iron and ammonia 
appears to be more advantageous than the sulphate. To produce 
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this, disBolye clean iron wire in hydrochloric acid, nsing heat at 
the close, and having iron in excess to prevent the formation of 
perchloride; for every 58 grs. of iron dissolved add 53*5 grs. of 
ammonium chloride to the solution. I have found that the addition 
of a proportion of glycerine to the solution diminishes its tendency 
to spoil. No deposit can he obtained from a solution of a ferric 
salt ; in these the action takes the form of a generation of hydrogen 
at the cathode, which reduces the salt to the ferrous condition ; at 
the anode, meanwhile, iron is dissolved by the acid set free until a 
neutral ferrous solution is produced. In consequence of this, an 
iron solution which is spoilt either by action of the air or by 
generation of basic salts, may be renovated by adding the proper 
acid, and, if needed, heating it till it becomes clear, and passing 
current £rom an iron anode. Of course, there must also be a propor- 
tionate addition of ammonium chloride. 

The deposit of iron is likely to have important scientific uses, as 
in examining the laws of magnetism, but it would not seem likely 
to have extensive practical application. Its principal utility is likely 
to be in the same direction in which it has been used for some 
years — viz. for printing purposes. It has been used to give what 
is called a " steel face " to copper plates, by depositing on them a 
thin film of hard crystalline iron which does not seriously affect the 
fine lines of engraving, but wears much longer than copper, and when 
defaced, can be dissolved by acids and renewed, without the plate 
itself being subjected to wear. It takes the ink well also, and will 
work with some inks, such as vermilion, which are useless with copper. 
It would probably answer well, also, for facing to ordinary type. 

I have been informed, on what I believe to be good authority, 
that iron deposits beautifully, although accompanied with torrents 
of gas, with a battery of ten or twelve Bunsens in series, but I have 
not myself tried anything beyond two or three Smees. 

376. FLATDnm. — This is an exceedingly difficult metal to deposit ; 
in fioct, although some writers say that it is to be done, it is very 
doubtful if a reguline film of tough metal has ever been obtained. 
The deposit is highly crystalline and brittle at its best, and tends 
very strongly to pass into the state of black powder. It is com- 
monly stated that a very feeble battery is required, but this is not 
the case : on the contrary, it requires a force equal to four Smees 
in series, in order to overcome the great resistance of the liquids, 
and to compensate for the fact that there is no action on the anode ; 
the platinum, therefore, is wholly derived from the solution, and 
must be replaced as chloride. A small " current," or rather small 
density of current, is required in order to prevent undue generation 
of gas and black deposit. I have found that a " density " of * 2 is 
the utmost current to be used. 

X 2 
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Flatinio chloride FtCls on the equivalent notation, or PtGl^ on 
the atomic, is the basis of all the solutions of platinum. Its pre- 
paration requires some precantions, as it must not be heated at any 
time beyond the heat of the water-bath, or a change takes place 
which is not correctly stated in the text-books. They all say that 
platinous chloride is produced, which will redissolve in excess of 
acid. I have found diat overheating, even with great excess of 
acid, turns the solution a dark olive inistead of clear yellow (or red, 
if iridium is present), and that a black powder is formed which 
cannot be rediissolved without drying and heating to red : it may 
be that this is due to the other metals usually accompanying 
platinum. Platinum left in a bottle with aqua regia (i nitric, and 

3 hydrochloric acid) will dissolve in time, but the process is a very 
long one ; heating in a water-bath hastens it ; it should then hie 
evaporated to dryness in the bath, dissolved in a little vrater, and if 
desired left to crystallize. This solution may be used to deposit 
from, but it requires very great care. 

Sodio Platinic Chloride is obtained by adding i equivalent of 
common salt (58*5) to i equivalent of platinic chloride (169*5), 
which corresponds to 98*5 of platinum in solution: it may be 
crystallized as a yellow salt. This deposits more easily than the 
chloride. 

A still better solution is made by adding to the foregoing about 

4 equivalents (63 x 4 = 252) of oxalic acid, and then rendering the 
solution strongly alkaline with caustic soda. This in fact is the 
best solution I have tried. A similar one may be made from 
the yellow precipitate formed by anmionium or potassium chloride 
with platinic chloride. These precipitates are soluble in oxalic 
acid (a fact not noticed in the text-books so far as I know, or in 
Storer's dictionary of solubilities); more of the acid is required, 
however, and the ammonia precipitate requires boiling. The sodium 
form is however preferable, as most stable. From my experiments 
I am disposed to think that silver, coated with a film of platinum 
in this solution, would be superior to the ordinary platinized silver 
for batteries : it would cost more as taking more platinum, but 
would be far more durable. Its surface is highly granular. 

The equivalent of platinum deposited is variable, owing to gas 
being generated. I have obtained from 4^ to 48 ; theoretically it 
is 49*3 corresponding to one equivalent of chlorine, owing to all 
these solutions being of the platinic series. 

377. Aluminijm. — The depositing of this metal would be a process 
of great value in the arts. Several such have been published, and 
some patented, but none is of any practical value. In one case it is 
stated that a solution of alumina mixed with cyanide of potassium 
decomposes with six Bunsens or ten Smees. This statement is strictly 
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true : it does decompose, only, nnfortnnately, it does not deposit 
aluminum, but simply gives off hydrogen. I spent a good deal of 
time and trouble oyer this, till I satisfied myself that cyanogen will 
not unite (as a cyanide^ with aluminum. In another book (a good 
one, too) a process is given which is essentially one for obtaming a 
solution of sulphate or chloride of aluminum, and it is stated that 
from this a fine white deposit of aluminum can be obtained. It 
may be so, but all I can say is, I cannot obtain it, nor can I find 
that anyone has as yet succeeded in effecting a deposit; all the 
solutions I have tried, acid, neutral, and alkaline, decompose and 
give off gas, but refuse to deposit metal. I believe, however, that 
aluminum may be more readily deposited in alloy with other metals, 
and with great advantage. 

Aluminum may be reduced from its chloride by means of elec- 
tricity, as a source of the metal, however, if the chloride contained 
in a crucible is kept in fusion by heat while the current passes, a 
carbon pole with nicks cut into it being used to receive the reduced 
metal. Aluminum may be obtained from Cryolite, a natural double 
fluoride of aluminum and sodium, by this process. 

378. Depositing Alloys. — It is supposed by many, and the idea 
is supported by many indirect statements in the books, that metals 
deposited by electrolysis are absolutely pure ; but this is a great 
mistake, as far as the principle is concerned. It is true that the 
current exercises an elective influence when salts of several metals 
are in company, as explained, § 298 ; this election depends upon the 
fact that each chemical compound requires a definite force to break 
it up, and therefore, as a rule, the one most easily decomposed will 
deposit its metal in preference to the others ; but if the force be 
sufficient, all will be decomposed, and a mixture of metals will come 
down. The solution also exerts a selective influence on the 
materials of the anode ; hence pure copper can be obtained in a 
solution of the sulphate from an impure plate, because the sulphuric 
acid refuses to dissolve the carbon, lead, tin, &c., which form a 
dirty coating over the plate after a time, while any zinc and iron 
passing into solution require so much more force to decompose that 
they remain in solution ; but pure copper would not be so easily 
obtained from a solution of chloride, nitrate, or acetate, as these 
would carry over the easily-reducible metals, which would deposit 
even sooner than the copper. 

379. But the object to be attained in depositing alloys is to be 
able to secure a definite proportion of a given quality, and as to 
the mode of effecting this very little is really known. The subject is 
of so much interest and may have so much importance, that I 
depart from my usual practice of stating nothing that I have not 
thoroughly tested. In this case I propose to give the particulars 
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of yarious solutions patented for depositing brass and bronze, 
and tben to famish a statement of the principles necessary to be 
attended to in any attempts to devise solutions and modes of 
working. 

The quantities are proportional, grains or ounces, &c, : 

Table XXV. — Bbassing Solutions. 
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• Saffldent to effect the purpose. 

1. De Salzede. — ^Dissolve the cyanide of potassium in 120 parts 
of the water, tben in the remainder dissolve the salts of potash, 
zinc, copper, and ammonia, raising the heat to about 150^ Fahr., 
adding each salt as the first is dissolved, and stirring well ; then 
mix, and allow to stand a few days. 

2. De Salzede, prepared in same way as i. 

Both are worked with brass anode, and a battery of two B onsen's 
cells giving a full current. 

Bronze may be deposited by substituting chloride of tin for the 
sulphate of zinc — 25 parts in i, and 12 in 2, working at a tem- 
perature not exceeding 97°. 

3. Divide the water into two parts, and one of these into four 
parts, and dissolve the salts, i, the copper, and add half the 
ammonia; 2, the zinc, at about 180^ Fahr., and the rest of the 
ammonia ; 3, the potash ; 4, the cyanide of potassium in hot water. 
Then mix i and 2, and add 3 and then 4, stirring well ; then add 
the remaining haK of the water. 

Work with brass anode and full battery power, adding ammonia 
and cyanide of potassium when required. 

4. Bussell and Woolrich. — ^Dissolve the salts, and add suffi- 
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cient cyanide of potassium to redissolve the precipitate formed and 
be somewhat in excess. Worked with brass anode. 

5. Dissolve separately and mix. 

6. Dissolve and mix, adding the cyanide last. 

7. This is to be prepared by the battery process, the solution 
being made and kept at 150^. A large brass anode and a small 
cathode are connected to a battery, and current passed till the 
solution deposits freely. 

8. Brunell. — Dissolve separately, mix the copper and zinc solu- 
tions each with part of the potash, then with ammonia enough to 
redissolve all precipitate, and add the cyanide solution. To be 
worked with large brass anode and two or more Bunsen's cells, 
adding ammonia and cyanide as required. 

It is stated by Watts that the solutions 3, 7, and 8, containing 
ammonia, work the best, because they dissolve the zinc from the 
anode more freely; and that whenever a white deposit forms on 
the anode, free ammonia should be lidded. 

No. 6, which is Morris and Johnson's, is spoken of very highly 
by some as giving good deposits capable of varying proportions. 
It is to be worked hot, and requires strong battery power, giving 
off abundant gas while working. 

380. Principles, — (i) The object to be attained is the deposit of 
definite proportionate weights of two or more metals ; but as the 
current knows nothing about weights, but measures its work by 
equivalents, the proportions by weight desired must be reduced 
to equivalent proportions, by dividing the weight by the electric 
equivalent given in the table, p. 212. Thus, a brass is required 
containing 64 copper to 36 zinc ; 64-J-3 1 • 75 = 2 • 02 and 364-32 • 6 = 
I • 08 gives the proportion in which the current must divide itself 
between the salts of copper and zinc. 

(2) The solution need not contain the two metals in either of 
the two proportions, weight, or equivalent ; the relative degree can 
have no fixed law, as it must depend on several conditions, and 
mainly upon a combined consideration of the facility with which 
the two salts decompose, and the equivalent proportion required to 
be decomposed. 

(3) Incompatible salts cannot be joined in one solution, that is 
to say, salts which exchange their constituents or throw down a 
portion as insoluble, unless another ingredient is to be added which 
will redissolve the precipitate ; this latter is often the case when 
ammonia or cyanide of potassium is to be added, more especially 
ammonia. In such cases, however, it must be ascertained that 
these new conditions do not alter the relative conductivity or 
decomposability of the various metals in solution. 

(4) It is of the utmost importance that the metals of which the 
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alloy consists should not have any strong electric relations to each 
other in the solution to be used. It must be remembered that 
what is called the electric order of metals is a pure delusioii, 
unless taken in a particular solution, § 267, for a metal may be 
positive to another metal in one solution and negative to it in 
another, as this depends on the relative afiGbities of the metals to 
the other radicals. 

(5) It ia desirahle that the several salts should have nearly the 
same electric resistance (§ 232), or that these resistances (which 
partly depend upon the quantity of each salt dissolved) should be 
proportioned to the relative currents required (see i) ; but this is 
not essential. 

(6) It is essential that the battery power be balanced against the 
decomposability of the several salts. This is distinct from their 
resistance. Each chemical combination needs a fixed force to 
decompose it, and this is effected by maintaining a sufficient electric 
tension at the plates to effect it. This may be called the specijic 
molecular resistance, set up at the cathode only, while the electric 
resistance lies in the space between the plates. If there is a great 
difference between the specific molecular resistance of the different 
salts, the current will tend to reduce the lowest only, and that 
perhaps in a powdery state ; in such cases the only remedy is to 
have only a sufficiency of the weaker salt present to supply the 
required deposit, thus forcing the current to act sufficiently upon 
the more resisting salt. See § 295, p. 255. 

381. Pbaotioal Suggestions. — ^There is only one mode of satis- 
factorily examiniug all these points, and this is to test each one by 
means of a galvanometer which will measure the actions on a 
definite system. Vessels of the same size should be used for com- 
paring different solutions, and plates of the different metals and 
also of the desired alloy provided, all of exactly the same size, such 
as a square inch or i x 2, with such an arrangement as will ensure 
always the same distance between them ; then, to ascertain if the 
condition 4 is falfilled, the two metals are connected to the gal- 
vanometer as if they were battery-plates, to see if a current of 
notable amount is set up. The same arrangement tests condition 5 
by using two plates of the same metal as the solution ; the greater 
the resistance, the less current will pass from a constant battery. 
Condition 6 can be tested at the same time by observing how many 
cells of the battery are required to force a given current through, 
but this test will be only approximate as the resistance affects it; 
still, it will give practi(»Eil information. 

Care must be taken that there is sufficient free solvent and also 
water to freely dissolve the anode and keep it dean, as sometimes 
one metal will dissolve more readily than the other. This, as well 
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as other points, will be ascertained in the experimental vessel by 
testing with separate anodes of the various metals ; they ought all 
to allow the same current to pass under the same conditions, because 
this depends wholly on the action of the anode. 

It will be observed that the object in these experiments is to 
isolate and vary one particular fact at a time and measure its 
influence. 

The anode should usually be of the kind to be deposited, so as to 
maintain the solution uniform. But it may be desirable to use 
several plates of the separate metals. Here, I think, may be found 
a principle in alloy depositing which has not yet been employed — 
viz. to use a separate battery for each anode, so as to vary the force 
exerted on each metal as necessary ; by this means both conditions 
may be controlled, exactly the proper proportions of each metal 
may be forced into the solution, and the required tension may be 
exerted upon each. It is true that the metals are not transferred 
by the current itself, and therefore the different currents will not 
select at the cathode their own particular metal, but a suf&cient 
electric force for each will be present at the cathode, and the due 
utilizing of it must be provided for by attention to the other con- 
ditions explained. A similar result may be attained with one 
battery sufficiently powerful, by leading separate connections from 
the positive pole to each anode, and interposing resistances so as 
to control the current to each ; but distinct batteries would be best. 
Of course, all the negative poles would go to the object to be 
deposited on, the cathode; it would also be desirable to have a 
galvanometer in the circuit of each anode to secure accuracy. 
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CHAPTER XI. 



UGHTNINO AND LIOHTNINO CONDUOTOBS. 

382. The oommon conception of lightning may almost be described 
as a belief that there is something packed away in the clouds, which 
at some uncertain moment falls from them as a " thunder-bolt," or 
rushes out upon the earth as a discharge of " electric fluid," with 
destructiye effects, resembling in some degree those of the bursting 
of a reservoir of water. The conductor is regarded as having some 
aUriiction for the " bolt,*' and also as a pipe to receive and carry off 
the fluid. These ideas are not Only erroneous scientifically, but they 
are the source of many practical mistakes in the setting up of con- 
ductors, which sometimes lead to fatal results. 

Those who have comprehended the principles of static electricity 
explained in Chapter II., will see that they are applicable to the 
present subject, as lightning is strictly analogous to the artificial 
electric discharge. They will at once understand that the dis- 
charge does not merely issue from the clouds and rush to the earth, 
but that the latter fulfils a function just as important as that of the 
clouds ; the latter are indeed the " prime conductors '' of Nature's 
great electrical machine, but the force is distributed over a vast 
" inductive circuit/' of which the air and the earth form as much a 
part as the clouds themselves, and the discharge is a redistribution 
of force all over this inductive circuit, not across the air simply. 

383. The thunder-cloud is in fact to all intents a condenser plate 
upon which terminates the polarized chain of a circuit, and tiiere 
are two varieties of thunder-storm, which depend upon the nature 
of the opposite condensing plate. This may be another cloud 
above, or at a distance from the first ; then the discharges occur 
between the clouds themselves, and the only effect on the earth is 
of an inductive nature, and is usually slight ; this is the case with 
what is called sheet lightning, in which the clouds are vividly illu- 
minated, but there is no line of light visible. In the other class 
the surface of the earth forms the second condenser plate, the air 
and all bodies between the clouds and the earth are *' polarized," 
and assume a condition analogous to that produced in the neigh- 
bourhood of an electric machine at work. Discharge at last occurs 
in one or more lines in which the resistance happens to be leasti 
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wlien the tension has risen to a degree greater than the resistance 
of the circuit can sustain. Very slight circumstances determine 
the direction of this discharge : an animal standing on the ground, 
a tree, the presence of extra moisture, or a metallic vein, or a 
range of piping in the ground may suffice. This is very evident 
in the case of ships at sea : they wiU not only draw a flash of lights 
ning, but there is good reason to belieye that they frequently cause 
a change in the direction of the wind itself by the electrical condi- 
tions they set up. It is a common circumstance for a squall-cloud 
to arise and work half round a vessel, and at last come towards it 
and take it aback more or less suddenly. If the path of the cloud 
be traced out it will be found to be of the nature of a parabola ; 
the original motion being gradually diminished, and its direction 
diverted to the vessel. I have frequently seen this occur ; and on 
one occasion a very heavy squall-cloud rose on the weather bow of 
a ship I was in ; it crossed our course and went away to leeward, 
we running up nearer and nearer to its path: the cloud then 
stopped, rapidly returned toward us, against the wind we had, and 
as it reached above us, a violent change of wind occurred, the cloud 
threw out its charge, struck the fore and main top-gallant masts, 
and killed two men. 

It will be easily conceived that a large vessel, with its three masts 
the only salient points arising from the earth's surface in the neigh- 
bourhood, must produce a great effect upon the electrical conditions 
around it, and that this may frequently be the cause of the sudden 
changes of wind experienced. To this same order belong a variety of 
natural phenomena, such as what sailors call St. Elmo's Fire, when 
the points of masts and yards are tipped with lambent flames, which 
resemble the common brush discharge of our machines. A third 
variety, called Ball Lightning, is very uncommon, audits electrical 
nature is not at present explainable ; if, indeed, it is directly elec- 
tric in its nature at all. In this a large ball of Are is seen to roll 
along the earth, doing great mischief on its path, and apparently 
having some connection with, or relation to, the revolving winds 
called tornadoes or whirlwinds, models of which may frequently 
be observed in our streets when the dust is not properly laid by 
watering, and of which the waterspout is another variety. 

384. Li the true thimder-storm the cloud consists of a series of 
layers or zones oppositely electrified, with a similarly arranged, 
but opposite series on the earth beneath, the air between complet- 
ing an electric circuit. Such a circuit is often extended over many 
miles, so that when a discharge occurs at one extremity a corre- 
sponding one in the reverse direction (sometimes called the back 
stroke) occurs at the other extremity, perhaps twenty miles away. 
The clouds themselves may be only lOO feet away, or two or three 
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miles. Flashes of such length have indeed been measured by the 
angle occnpied by the line of light and the period between the flash 
and the sound of the thunder, which together furnish the means of 
calculating the length of the visible flash. Several attempts have 
also been made to measure the time occupied by a discharge. 
Moving objects, when photographed by its light, appear as distinct 
as if stationary, but by means of revolving mirrors it has been 
ascertained that the actual duration of a flash is something less 
than T^th of a second ; its apparent duration is an effect of our 
own eyes, due to what is called persistence of vision, owing to which 
we cannot lose an impression once produced in much less than a 
sixth of a second, on which principle are based so many optical toys. 

^85. It is frequently stated that the bodies of those killed by 
lightning are marked by impressions of neighbouring objects. It 
is hard to say what amount of truth there is in this, and how much 
natural exaggeration ; credit is most often given to a neighbouring 
tree as the image copied, and it would seem not unlikely that such 
marks are caused by an action like that of the brush discharge, 
causing a series of straggling lines, which the imagination of ex- 
cited observers converts into a tree. It is of more moment to those 
who are alarmed at the flashes of lightning to understand that when 
a flash is seen all danger from it is passed ; a person struck never 
sees the flash, and it would appear that this death is the most in- 
stantaneous and painless which can be conceived. 

386. The foregoing considerations as to the nature of the dis- 
charge will enable us to see what are the true principles of con- 
ductors to avoid its eflects. They are not intended to attract or 
convey a discharge from the clouds ; their object is to supersede 
the condition of polarization and tension in the spcice to he protected. 
They do this in a twofold manner : 

(i) They practically raise the earth's surface to such a curved 
height as corresponds to the electric relations of the conductor and 
the air ; not in an exact invariable form, as some suppose the pro- 
tected area to assume ; but still, roughly in a cone from the apex 
of the conductor, and of a radius perhaps equal to the height of the 
point, but this applies only to the rod itself ; when buildings are in 
the included cone no law can be given, as the conductivity is affected 
by their materials and contents. Whatever the space protected may 
be, within it the conductor lowers or nullifles the condition of ten- 
sion, transferring it to the space outside the cone, &c. (2) They 
react also upon the exterior space in the direction of a reversed 
cone, by the discharging properties of points when forming part of 
a polarized area, as explained, § 50, p. 43. When a point connected 
to " earth," or the rubber of the machine is approached towards the 
prime conductor, the latter cannot be charged, but a brush dis- 
charge occurs and a current is produced instead. The lightning 
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conductor acts in the same maimer ; as soon as the charged clond 
approaches, and would begin to set up an " inductiye circuit" under 
tension in the air to the earth beneath it, a current begins to flow 
quietly in the conductor, the tension above it is rapidly lowered, 
and may not be able to accumulate sufficiently for a violent dis^ 
charge, i. e. a lightning flash, at all ; but if it does, the discharge 
will occur through the space between the cloud and the outer area 
of the conductor's cone ; and the conductor takes it up in the form 
of a momentary increase of current. In considering these princi- 
ples it must be remembered that lightning is not a mere thread of 
flame, or confined to the visible line ; a large space all round the 
line takes part in the discharge, and gives up the force previously 
accumulated in it as tension. 

387. These principles settle conclusively all questions as to the 
construction of lightning conductors. Their object should be to 
connect to earth every portion of a building ; and as this is actually 
possible only with metal buildings, they should connect every salient 
point and as much of the surface as possible, so as to extend around 
the building the area of low tension, or artificial " earth " surface 
opposed to the cloud. Chimneys require especial attention, because 
they are tubes lined with conducting material, containing warmer 
air, and if with fires, then extending a comparatively good con- 
ducting column of warm air towards the cloud and so inviting a 
discharge ; hence it is that lightning almost always enters a house 
by the chimney^. All doors and windows causing currents of air 
should be closed during a thunder-storm. 

388. The prime essential is a good connection to water ; water 
and gas mains provide the best if the conductor is well secured to 
them ; next to them is the metal shaft of a good pump, in a well 
constantly supplied by springs ; then ponds or ditches. What is 
required is a large metal surface terminating the conductor, and 
in contact with a stratum of moist earth, so that a hole sunk into 
wet gravel, into which the conductor is led, and surrounded with a 
quantity of coke to increase its surfaces of contact, will answer, 
but dry clay, or rock, is not safe. This connection should, if 
possible, surround the building by means of rods from its various 
comers, either led to different earths or else continued by a rod 
round the house to one earth connection. Every piece of metal- 
work about the building should be utilized, such as ridge-caps, 
guttering, and water pipes. They cannot be trusted as conductors 
because of the joints in them, which offer great resistance, and 
therefore prevent reduction of tension, but they will help to form 
a protecting network around the building, especially if strips of 
copper are soldered across each joint. For the same reason a con- 
nection should be led from the bottom of the down pipes from the 
gutters to the nearest suitable earth, though a very good but vari- 
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able earth oonnection is set up from these by the water itself during 
heayy rain. The lower parts of bell- wires may also be advantage- 
ously connected to an earth, such as the nearest gas or water pipes, 
as several accidents have occurred from their having either received 
a direct charge through the walls, or having a violent current in- 
duced in them. 

389. The terminals should be attached to all high or salient 
points, most particularly chimney-stacks; if these are wide, and 
contain several chimneys, it is safer to have two points, though 
usually one is suf&cient; but the kitchen chimney, or any one 
commonly used, and therefore lined with soot, and containing warm 
air, should be specially attended to. The points may be made of 
rods of I -inch iron drawn out to a point, rising 2 or 3 feet above the 
building; they are better also for galvanizing. There is no ad- 
vantage in any of the fancy points, patented or otherwise. The 
conductor depends upon the size and height of the building. A 
factory chimney or church steeple should have a copper con- 
ductor of at least ^inch section, either as a rod or as a wire-rope, 
well protected against i]\jury ; for smaller buildings, iron-rod may 
be used instead of copper. In ordinary cases galvanized iron wire 
of about a ^-inch diameter (such as is used for telegraphic pur- 
poses) * will answer perfectly, if led separately from various salient 
points, and carried down the different sides of the house and con- 
nected as above described, to the guttering, &c., but for a single 
conductor at least ^inch rod should be used. Solid rod is best, as 
it exposes least suif ace to rust, for it is the mass or weight of metal 
which conducts, not its surface, as some suppose ; but every joint 
must be carefully made and soldered, to secure metallic continuity 
and low resistance. 

390. It will be seen that conductors should never be insulated 
from the building, but, ont he contrary, as much of the surface as 
possible should be connected to the conductor. Electrometers^ &&, 
are often surrounded with a cage of wire connected to the earth or 
to the negative pole of the active source of electricity, in order to 
prevent them from being affected by external electric disturbances. 
That is exactly what we require to do with our buildings ; an iron 
house well connected to eartii would not only be perfectly safe, but 
its inmates would scarcely feel any of the effects usually pro- 
duced on the nervous system by " thundery " weather, except so fiir 
as these are due to heat. The object aimed at in a lightning con- 
ductor should be to approach that condition as nearly as possible ; 
to obtain an enclosed area within a conducting envelop provided 
with points and connected to earth. 

* Recommended by Mr. Preece, whose experience in this matter is very oonsi* 
derable. 
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CHAPTER XII. 



ELECTBO-MAQNETISM. 



391. Throngbont these pages the transmission of electric enr- 
rent has been regarded mainly as consisting of a breaking up and 
reformation of tibe molecules which form the polarized chain or 
circuit, this being the action which undoubtedly does occur in 
electrolysis where the action can be best examined. But no single 
conception will convey the whole of any scientific truth, and it has 
been indicated, especially in § 260, p. 220, that transmission may 
be effected by other means (such as rotation of the molecules) 
dependent upon the same causes, such as the polar attractions of 
the molecules, which in electrolysis produce actual disruption. 

392. It is indeed very dif&cult to conceive that the same action 
occurs in solid conductors such as wires, as takes place in liquids, 
because no change whatever appears to be produced in the wires. 
We might indeed conceive that in solids the freed semi-molecules 
at each end of the wires unite with similar ones to reconstitute the 
metals unchanged in physical property and form. But an experi- 
ment will prove that in solids this action does not occur : we cannot 
conclusively test it in simple substances such as metals, but some 
metallic sulphides which are true binary compounds, and which 
would, if fused, be electrolytes and undergo the process of breaking 
up, are conductors also when solid. Now I have interposed a piece 
of such a sulphide between two plates of silver (which has a strong 
affinity for sulphur), and passed current for some time : there was 
no formation of silver sulphide, and therefore it is clear no such 
action occurred in the solid sulphide as would have occurred had it 
been in the liquid state. 

393. EoTATiON OP MoLEOTJLBS. — A rotation of molecules involving 
a reversal of their polar arrangement will, however, fulfil all the 
conditions required, and in examining the relations between magnets 
and electric currents there will be found good reason to believe 
that such a rotation does actually occur in solid conductors, and 
that the direction of what we call the galvanic current, that is to 
say, its magnetic and chemical relations, depends upon whether 
this rotation takes place on an axis inclined to the right hand or to 
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the left of the polarized chain itself. It is intended to go into 
this subject only so far as is necessary to understand the action and 
construction of magneto-electric machines and induction coils. 
Even this will require a re-examination of some subjects dealt with 
in Chapter III. on Magnetism, but which belong more properly to 
the present subject. In fact, this chapter is an addition to the 
work as originaUy planned, and has been written since the other 
part of the book was printed. 

394. Whenever a magnetic body and an electric conductor are 
brought near to each other, or moved in each other's neighbourhood^ 
they react upon each other if either one of them is under the 
influence of either force, magnetism or electricity. A magnet will 
produce a current in the conductor if either is moved under certain 
conditions ; electricity in motion as current, confers magnetism on 
a magnetic substance. The reason of this reaction is that the two 
are really different manifestations of the same force, and are due 
to different actions of molecules in a state of polarization; the 
electric action is that exerted in the line of polarization ; magnetism 
is the action at right angles to the line of polarization ; it is exerted 
in eyery direction at right angles, and, as a consequence, mag- 
netism has in itself no directive power, and, strictly speaking, 
no polarity. The apparent polarity, like the directive power of 
magnets, is not the property of any single magnetic substance or 
object, but is the consequence of the mutual reaction of two or 
more such objects. It is the possession of magnetism by the earth, 
which therefore acts as one such body, that confers upon magnets 
their apparent directive power. 

395. The source of all the mutual actions of magnets and cur- 
rents is to be found in that property of the molecules of matter 
which we call induction, a power of acting externally upon other 
molecules. Within the electric circuit itself this power sets up 
the condition of ^^ polarization," or arrangement of molecules in an 

order of regular sequence (-| ) (H ) (h — ); but besides this 

action in the circuit, a similar action is exerted around the circuit, 
which tends to place surrounding molecules in a parallel polar 
order. But while the first action is consistent with a transmission 
of energy along the circuit, and is thus of a dynamic character, 
the second is static, and changes only when there is a change of 
conditions. Thus, if we pass a current into a submarine cable, two 
conditions of polarization are set up ; one in the line of the wire ; 
the second in the surrounding matter, in the form of an inductive 

'^ircuit from each successive point of the wire through the water to 
tjhe other pole of the generator. This latter absorption of energy is 
c5lea^! charge," and the current cannot be set up, that is, the 
condu^uS^ circuit cannot be completed, till from point to point of 
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the wire the inductiYe circnit is completely charged ; this is the 
cause of what is called retardation^ and hence the rate at which 
signals can be transmitted through a cable depends upon the 
nature of the inductiTO circuit it forms, or its " inductive capacity." 
But once this charge is given, the inductive circuit retains it, and 
absorbs no more energy from the current (except what is lost by 
leahige) ; current can be sustained upon the ordinary laws so long 
as no change is made. But when the current stops, the energy of 
charge flows out of the cable as a current, and no current can be sent 
throngh the cable, in the opposite direction to the first, until this first 
charge is passed off and a new one of the opposite order is set up. 

396. Now magnetism is of the same order as charge ; it is a 
static condition of the molecules, set up by energy absorbed from 
an electric current (or other source) ; while this condition is being 
assumed the process acts as a resistance and a retardation ; but 
once it is set up, it is static, requires no more energy, and the 
energy will be retained, or given up as an electric current, 
according to the nature of the body in which it is produced. 

397. To apprehend the consequences we must regard the electric 
circuit as a simple chain of polar molecules and individualize the 
molecules, which I shall do by drawing them as ellipses, of which 
the dark part will represent the + end, or the direction in which 
we may conceive the supposed electric current to be travelling ; 
the white, or — end, being that connected to the positive pole 
of the battery. Fig. 7 1 is a section of such a chain, looked at from 
the positive pole, that is to say, the — end facing the observer, 
with the line of electric polarization passing through the centre. 



Fig. 71. 




Fio. 72. 







The molecule exerts that action which we call magnetism, at 
right angles to the polar line in every direction, as represented by 
the arrows; but this action has no directive power, no attractive 
power ; these depend upon external conditions. 

398. But the molecule, or, more correctly, the polarized chain, 
lias the power of ranging all surrounding molecules in similar 
order, as shown in Fig. 72. The upper lines are intended to convey 

Y 
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ihe idea of the induotiye oirouit set up as " charge." The lower 
parallel line represents the magnetic conditions to be farther 
deyeloped. 

399. If we oonoeiye the polarized chain 0, of Fig. 72, to be 
formed into a circle, as in Fig. 73, we obtain the two effects in 
different ways. Let S be a section of a bar of steel ; its molecules 
arrange themselyes in the form of dosed chains, and as steel 

Fig. 73. 




possesses the power of retaining this condition, it becomes a magnet, 
the forces exerted at right angles to the direction of polarization, 
all combining and acting in the line of the bar, as idiown in the 
npper bar SN, Fig. 76, and also in Figs. 74 and 75. The differ- 
ence between the two extreme faces of this bar is that, looked at 
from the exterior, the lines of polarization tnm to the right in S 
and to the left in N, as seen in the two polar &ces shown in 
Fig. 76. There is no difference of property, no inherent directive 
tendency in these ends; but in England we call the feuGO S the 
south pole of the magnet because it ranges itself in the earth's 
magnetic field, facing to the south pole of the earth. In France 
they call it the N., or Boreal pole, because it has the same magnetic 
chfuracter as the north pole of the earth. 

40a But action takes place externally, as well as within the ring. 
If t c is regarded as a ring of wire, its molecules, of necessity, 
swing into ti[ie polar order, and in doing so constitute a galvanic 
circuit, which will complete itself as usual ; in consequence, a 
momentary current is generated or induced in this ^ secondary " 
wire as soon as current passes in C : but only one wave of action 
is produced, no current continues to flow in t c. As soon as the 
primary current ceases, all the molecules resume their normal 
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positioii, and in the act of doing so a current ie again set up in t c, 
but in the opposite direction to the first. If S is iron, instead of 
steel, it loses its magnetism, and the energy it had stored up is 
employed in increasing the energy of the current in t c, and also in 
producing an extra current in G itself, continued after the battery 
is cnt off. These all react upon each other in such manner that these 
currents are not, as usually considered, single currents, but consist 
of several pulsations of maximum and im'Tn 'mTim force analogous to 
the swings of a pendulum raised and let fall. The current in the 
secondary wire, at making contact in C, is in the reverse direction 
to that of C itself : at breaking circuit the induced current is in the 
same direction as that of C. As these currents are each the result 
of single and equal swings of the molecules, their '^ quantity " is 
the same, for quantity is simply a function of the molecular actions. 
But the E M F of the breaking current is much the greatest. 
The reason is obvious : in the first, energy is being taken up in t c 
and in S ; in the last, that energy concentrates chiefly in i c. 

401 . If S, instead of being a bar of iron or a bundle of iron wires, 
is made of an insulated iron wire woimd up in a helix similar to the 
other wires, it will still act as a magnet, though less forcibly, owing 
to the breaks in the longitudinal or magnetic lines, but the extra 
current will then be formed within itself and the wire will give off 
sparks. 

402. The direction of these and all the other actions among 
currents and magnets, induced by motion (which includes the 
setting up or cessation of a current, these being equivalent to a 
motion of approach or withdrawal), is governed by a general law 
first formulated by Lenz. The direction of the current set up hy any 
motion toUl he such as will resist that motion, and vice versd. Now 
currents having the same direction, that is, parallel, attreust each 
other ; therefore a current in the opposite direction, which repels, 
is set up. The order of the lines of circular polarization in 
magnets (Fig. 73) acts in the same manner as would the corre- 
sponding current, which is represented by C. We may see in this 
some analogy to the action of two wheels in contact ; when one is 
rotated in one direction it sets up in the other a motion in the 
opposite direction. Therefore the induced current at " make " is in 
the opposite direction in the wires to that of the primary, as then 
the two currents repd each other : at '' break," the induced current 
is in the same direction as the original or primary current, as this 
resists the demagnetization or withdrawal of the magnetic energy, 
or magnet. 

On examination of Figs. 74 and 75, it will be seen that l^ere 
is a cause which may determine the direction of rotation of the 
molecules of wires, &c. If the turn of wire C (Fig. 7^) is a true 
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circle, there would seem to be no reason why the molecules shonld 
torn to one side rather than the other in assuming the polar order. 
But in a helix the direction of the wire is compound : besides the 
circular turns there is the equiyalent of a straight length from end 
to end of the core, and the action of the turns is exerted at a small 
angle to the core, which of necessity gives the impulse to the 
m^ecnles in the direction of that angle. 

402. In consequence of these various relations, a wire wound 
spirally round a bar of iron magnetizes it in a direction determined 
by the direction in which the wire is wound. On the other hand, 
if the bar be magnetized by any external means, as by bringing 
another magnet in contact or neighbourhood, a current will be 
induced in tibe wire, and the direction will depend upon that of the 
magnetism set up, and also upon the direction in wMch the wire is 
wound. Helices are called dextrorscd or right-handed^ when, looking 
at them from the end at which the current enters, or at which the 
coiling of the wire commences, the wire turns from left to right 
over ^e core as the hands of a watch. Fig. 74 is a right-handed 



Fig. 74. 



Fig. 75. 






helix, and, as it shows, such helices give South polarity to the end 
at which the current enters. In nnistroraal or left-handed helices 
the wire, under like conditions, turns from right to left over the 
core, as in Fig. 75, and gives North polarity to the end at which 
the current enters. A right-handed helix becomes left-handed if 
looked at from the other end ; therefore when the wire of a right- 
handed helix returns over itself, by continuing to wind in the same 
direction, the upper layer becomes a left-handed helix ; but as at 
the same time lie direction of the current reverses as regards the 
core, the mutual reaction of wire and core is the same in all parts. 
The figures speak for themselves, and show the mutual mole- 
cular relations as well as those of electric and magnetic polarity, 
the effects produced, and the reason of them. 
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!B these relatione a stage fartlier. The eleotrid 

iB a line of molecnles upon the arrow which 

marks the direction of the cnrrent ; four magnetic bars enrrotind it, 

above, below, ctnd on each side, and the molecolar arrangement of 

Fio. 76. 




these ahowB at once why they place themaelTeo as they do (aesiuning 
the earth's influence to be neutralized) : the ends of the two side 
magnets correspond with those in Figs. 74 and 75, aa the other 
two subnets do with the bais in those figoree. It will be seen 
that the nu^nets arrange themselTes as though the lines of polari- 
zation were actnally currents all made poiiijlel with the cnrrent 
itself,' and just as the corresponding helices would if cnrrents were 
tiav^aing liiem. 

405. We have now to consider how the magnets react. A magnet 
is not merely a bar of metal ; it includes in its energy the sur- 
rounding matter in which are completed the lines of magnetic force, 
and which constitntes what is called a magnet field, which fidd is an 
integral part of the magnet. When a magnetic substance is near, it 
draws these lines towards itself, and by entering them becomes 
magnetized, but in ordinary conditions we may r^ird the lines of 
force as enclosing an elliptic space ronnd the magnet, and treat 
Fig. 7 1 as a section of a magnet and its field. But Fig. 77 gives 
• Sea Ampere'i ' Theory,' p. 73. 
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Ae ides more completely. From it we can see that the linea of 
force of the field, whict enoloBe the ellipse, may be looked at from t 
twofold aspect. They are commonly treated as set up by the^lei 
of the magnet, and as completing the circnits of magnetic polaii^ ; 




for many prnpoeee it is desirable to so regard them, and this view 
is presented by the elliptic lines. Bnt we may with equal truth 
consider that the polarized condition is set up by the circalar 
polarization of the magnet forming the vertieal circles, and so regard 
the elliptic or magnetic lines as being set np indirectly by the 
action at right angles of these circles. We shall thug onderstand 
why the inductive power of a magnet is so much greater at its 
middle, while its attractive power is so much greater at its ends. 
The attraction is a fonotion of the general law that parallel oor- 
rente attract each other ; there is, in fact, in all spiral condnctorE 
a tendency to close np, beoanae of this attraction between all the 
partial currents. Now, if we conceiye another figore like Fig. 77, 
brought near it endwise, it is evident that to make the lines of 
polarization alike, the north end of one must be presented to the 
south end of the other, and that then not only do the circles of 
the bars agree, ivhile all the circles of each magnet, internal and 
external, attract each other, bnt the projecting lines of force of each 
magnet become incorporated witii those of the other, and the result 
is a new elliptic field. Henoe, naturally, long magnets have the 
greatest attractive pow^, for they may be regu'ded as Huoh com- 
binations of smaller ones, combining their magnetic force, just as 
the union <rf galvanic batteries in series combines their electro- 
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motiTe forces. But as to induction, it is eyident that the external 
circles are affected by those of the bar more powerfully at the 
middle than those at the ends can be by the whole length of 
the magnet, as this influence obeys the law of the squares of the 
distance ; therefore, speaking roughly for illustration sake, if we 
consider the inductive action of each circle of the bar to be equal, 
and call it lo, a circle at the middle will have a force of 20 exerted 
upon it by the two end circles, but a circle at the one end will be 
acted upon by the middle, 10, and the other end, whose distance is 
doubled, will give only 10-7-2' or 2 * 5, a total of 1 2 * 5 ux>on an end 
circle against 20 on tiie middle circle. This is the reason why a 
coil of wire with a current passing through it will draw a magnet 
into its middle, or vice verad^ the arrangement according with 
that shown in Figs. 7 a and 75, while a magnet with the opposite 
arrangement placed within a coil will be forced out. 

406. If we examiue the actions which will take place upon the 
molecules of a conductor revolving in any position among the 
lines of force of a magnetic field, as shown in Fig. 77, p. 326, 
we shall see that different effects may be anticipated according to 
the direction of the motion ; we shall be aided in examining the 
effects if we regard Fig. 72, p. 322, as a vertical cross section of 
Fig. 77. If the axis of motion be in the central line, NS, and the 
motion takes place in the circles of Fig. 73, the molecules suffer 
no change of position as regards either tneir relation to S or to 
their arrangement in the moving wire ; hence no effect can result. 
If the axis be lowered, so that the motion takes place below the 
central line, it will be seen that each molecule, in order to retain 
its relation to the magnetic field, must in each revolution rotate 
once on its axis in relation to its accompanying molecules in the 
wire itseK. This is evident in Fig. 78, which 
represents a ring of wire rotating on the centre Fio. 78. 

c, in the direction of the outer arrows, below 
the magnet 8, of which the dotted circles are 
the lines of induction. It is obvious that the 
molecules forming the wire, in order to keep 
their relation to these circles, turn on their 
axes in the direction of the small arrows, and 
in doing so set up a current in the wire. This 
expUmation is, of course, hypothetical, but it 
is a fad that the motion of the conductor under 
these conditions does produce some action 
within the wire which results in an electric 
impulse. This figure brings before the eye also the different 
external polar actions of such a ring, for it will be noted that the 
molecules on any diameter have the opposite extremities turned 
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towards any wire whicli may be imagined in contact, and therefore 
would induce opposite polar conditions in such wires ; so that if the 
wires were connected a current would be produced in them : the 
molecules at a and h on the vertical line, it is obvions, would in 
this case exert the greatest inductive power. 

407. If a plate of metal is revolved under or above a magnetic 
pole, or between the poles of a horseshoe magnet, but below the 
middle line of the poles, as new sets of molecules are brought into 
action, sets of opposing currents are set up in the conductor, and 
can be collected by means of a pair of springs, one pressing on the 
centre of rotation at c, in Fig. 78, and the other on the circumference 
at the points where the currents meet, which in the latter case is 
on the radius between the poles of the magnet, or at a, Fig. 78. 
These currents develop a great resistance to motion, and the con- 
ductor itself becomes heated. This was the first form in which 
Faraday demonstrated the setting up of an electric current by 
motion of a conductor within a magnetic field. 

If a bar of iron be surrounded with a helix of wire a current of 
induction is set up when the iron is magnetized, and another in 
the opposite direction when it loses the magnetism ; or the same 
effects are produced if a magnetized steel bar is inserted into and 
withdrawn from a helix. IP a helix is wound upon the arms of a 
horseshoe permanent magnet, currents are in like manner set up 
whenever tiie armature is applied to or removed from the magnet ; 
when a perfectly fitting armature of sufficient size is applied to a 
magnet the capacity of its metal for magnetism absorbs all the 
energy the magnet can exert into its own niass ; the magnet tiben 
becomes inert as far as external influences are concerned ; hence 
the application of the armature is tantamount to destroying the 
magnetism, so far as external rektions are concerned, as stated 
p. 76. 

408. All the practical forms of magneto-electric machines are 
based upon some of these principles. The earliest and simplest 
form consists of an annature of horseshoe shape revolved across the 
poles of a horseshoe magnet. The wire is so wound that if the 
horseshoe was straightened out, it would form one continuous helix, 
and in order to do this, it is usually wound on two similar reels, 
the inner ends taken to the conmiutator, and the outer ends con- 
nected together. When such an armature revolves over a magnet, 
the two ends are in opposite conditions, and therefore whatever 
action tends to develop a -f- condition at one end of the wire tends 
to develop a — condition at the other end, and therefore both coin- 
cide in producing a current through the wire, as explained § 401. 
We may, therefore, examine the action upon one end of the wire in 
a complete revolution. Let o. Fig. 79, be the end of one helix 
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resting on the nentral line a & of the magnetic poles N S, and the 
line of motion be from a to N. North magnetism is being gained ; 
and let us assume that the relation of the 
helix is such that this renders the end +. 
As soon as a passes N its north magnetism 
IB being lost, hence the wire reverses its 
polarity; as soon as a passes the neutral 
line it begins to gain south magnetism, and 
(as gaining north makes it +) this gives 
it — polarity, which on crossing S, and 
when the south magnetism is being lost, 
again becomes +• We have thus four elec- 
tric impulses which, being however in 
couples, and not alternating, resolve them- 
selves, as may be seen, into two electric 

conditions. By means of a commutator on the line N S, there- 
fore, a current can be obtained in one direction, though not con- 
tinuous, but composed of the action of four distinct impulses, 
analogous to the varying electromotive forces set up by discharge 
of a condenser. A great part of the energy is lost also at the com- 
mutator, where a spark is produced if there is an actual break of 
circuit ; for thii^ reason it is usual to make the change of circuit in 
a diagonal line, instead of in the line of the axis, as shown Fig. 80, 
in order that the spring may not jump from one to the other, but 
press on both togetiier for an instant By this means the spark is 
avoided, but the energy it represents is none the less lost, as it passes 
by the short circuit thus formed. 

409. It must be understood that the point of change is not 
practically upon the line NS, but upon a line in advance of it, as 
shown by the dotted line. Fig. 79. The reason is that the various 
molecular changes, and especiaUy the absorption of magnetism, 
require time ; hence the line of actual break will take a position 
dependent upon the quality of the iron of the armature and upon 
the rate of rotation ; it is even possible to conceive a rate of rota- 
tion such that no effect is produced at all, and in practice the 
motion cannot be advantageously increased beyond a certain rate, 
at which the maximum effect is produced. 

In some instruments, notably in Ladd's dynamo-electric machine, 
the break of the commutator is placed on the line a h instead of 
on that of N S, the reason for which I am not able to give unless it 
lies in the foregoing remark, the rotation in this machine being 
very rapid. There are also some complications in the action 
similar to those examined, § 41 7, which may also render this mode 
of connection advantageous. 

410. Siemens' Abmatube. — All the early forms of magneto- 
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electric mBchines oonsiBted of > rotating horeoehoe umatara, such 
as just deaoribed ; this plan, bowever, involTes great loss of power 
by friction and hy churning the air. Nowadays this form is 
employed only in the common machines made for medical parpows. 
The form of armature shown in Fig. 80 waa deviaed by Siemens to 
avoid these evils. A ia a solid soft iron armatnre of a section 
resembling that of an H girder, with the facea turned down to area 
of a circle. The wire is wound longitadinally, aa shown in section 
in the middle of Fig. 81. The coil may be covered with a s^ 
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of wood so ae to form a, solid smooth cylinder, in which case grooves 
are tamed in the face to contain &steninga to hold the wood in ita 
place. On tho enda of the armature, braas plates are securely 
screwed to form Uie axis of rotation, and carrying at one end p, the 
driving pulley, and at the other end the commutator, c. This 
consists of a cylinder of ebonite fixed upon the aris, npon which are 
secured the two halves of a gan-metal cylinder, cot diagonally, as 
ahown ; the ends of the wire of the armature are led through the 
end pieces and secured to these. Frequently one of the connecting 
pieces ia fixed to the azia, and one end of the wire to the annatuie, 
instead of isolating both. Springs like «, fitted with a tamed pad 
of steel or other metal, press upon the cylinder and take up the 
current ; they are usually nuide in one piece and cause great 
pressmv and wear ; it is better to cut them down aa shown, in mder 
to give more elasticity. This form of armature ia used in many 
machines, one form, for medical uae and small experiments, conmsta 
of several steet magnets of a circular form, with a circular opening 
cnt through to form the poles, in which the armature rotates. The 
cnrrenta from these, or any armatures, obey the aame laws as thoae 
of induction coils, to be oonaidered hereaEter. The quantity, or 
onrrent, deprada on the size of wire usod ; and the eleotromotiTe 
force or tension set up, upon the number of turns. 

411. Wilde's Maohihb. — In this there is a new idea developed 
which has proved very fruitful. Instead of using ttie corrent 
produced by the armatore of a mi^eto-dectric machine in 
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direct woi^ Mr. Wilde passed it into a large electro-magnet 
itself fitted up in a similar manner, and obtained &om this a greatly 
increased current, which might be used, or might again be trans- 
mitted to a still larger electro-magnet. In fact, the apparatus 
is based upon the conception that " a current or a magnet indefinitely 
weeds can he made to induce a current or a magnet indefinitely strong" 
by usin*g it as an agency to convert mechanical exertion or energy 
into electrical current. There have been many forms of instru- 
ment since devised, but all depend upon this fundamental idea. 

Fig 8 1 will explain the principle of construction : a, a, are two 
blocks of cast iron of such length as may be required in each case ; 
they are separated by blocks of wood or other non-magnetic sub- 
stance, and bolted together by brass or copper fastenings; a 
cylindrical opening is bored through, in which the armature, 
Fig. 80, rotates. At the proper intervals there are lugs, as shown, to 
which are to be bolted the actual magnets, either steel or soft iron, as 
required : a, a, form, in fact, the poles of a compound magnet, and, 
if preferred, may be made in separate pieces for each magnet ; all 
smriPaces in contact with the true magnet should be carefully faced 
so as to secure a large surface contact. Cast iron is better than 
wrought iron for these polar pieces, because, like steel, it assumes the 
magnetic condition, and this enables it to play an important part 
in the electro-magnets : these are charged only by the current from 
the first armature, and, as seen, § 408, this is intermittent. But it 
is desirable to keep the magnetism constant, particularly as each 
change in it is accompanied by a reacting current in the wire, and 
consequent waste of energy ; the cast-iron polar pieces, by their 
resistance to demagnetization, maintain the magnetic condition in 
the iron connected to them : they thus serve the purpose of the fly- 
wheel in engines, as they convert the intermittent magnetizing 
impulses of l£e armature into a steady magnetism in the iron. 

The arrangement of the machine itself is simply a matter of 
mechanical convenience, for the two parts are quite distinct. It is 
made, however, with the large electro-magnet on a stand, and the 
small permanent magnet fixed above it, each with a driving strap 
from its armature to a pulley on an engine or driving shaft 

412. Labd's Machine. — Shortly after the publication of Wilde's 
machine, the idea occurred to several electricians, among others 
Mr. Siemens and Sir Chas. Wheatstone, that the permanent magnet 
might be dispensed with, and replaced by an electro-magnet ; the 
first idea was to charge this by a momentary current from a battery, 
and then to send the current from the armature ioto the coUs of 
the electro-magnet itself. But it was at once found that the 
original idea of Wilde might be carried much farther. Any iron 
once magnetized retains a feeble trace of "residuary magnetism," 
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and the earth itself induces a slight magnetism in iron properly 
arranged ; it was found that this slight magnetism was sufficient to 
start with, that it continually grew, as the current it developed 
returned into the wires, until the saturated condition was attained. 
Then the current might either be diverted for a short time to an 
external circuit in which momentary currents only are required, 
and such instruments are applied to telegraphic purposes : ill other 
cases the current of the armature could be cQvid^ into two or more 
" derived circuits " with resistances arranged so that the requisite 
proportion should be sent into the electro-magnet and the rest be 
utilized. 

Mr. Ladd devised a convenient form of applying these later 
ideas. His instrument takes several forms, but Fig. 8i wiU enable 
its principles to be understood. In one form there are two such 
end pieces as Fig. 8i shows, connected by electro-magnets formed 
of boiler plate folded up into a flattened cylinder ; one armature is 
used to generate a current which passes into the coils of the electro- 
magnet ; the other supplies the current which is to be utilized for 
external purposes. 

In another form, one of these ends is replaced by a cast-iron 
arch connecting the two electro-magnets into a single horse- 
shoe. The armature itself is, however, made compound ; instead 
of A, Fig. 80, being a single piece, it is cut into two, separated by 
a brass plate in the middle, by which they are secured at right 
angles to each other, forming two distinct armatures acting alter- 
nately, and employed in place of the separate armatures of the 
other form ; of course a commutator is also fitted to the other end. 
If preferred, two wires might be wound upon one armature and 
used for these two purposes. 

413. The Oramme Machine. — In this, the latest development of 
electro-magnetism, a new principle has been again developed, but 
the instrument itself is as yet so little known that its principles of 
action have been very imperfectly studied. The main practical 
distinction between this and all other forms of magneto-electric 
machines is this, that it furnishes a uniform and constant current in 
one direction, while all others give intermittent and alternating 
currents, which have to be arranged by the commutator. The 
reason of this is easily seen ; in all the other machines the wire in 
which the current is set up is constantly altering its position in 
the magnetic field, and is as a whole subjected to a growing and 
diminishing action in two opposite directions, hence the electro- 
motive force set up is of the nature of a succession of waves alter- 
nately rising above and sinking below the zero line; and the 
current resembles the stream set up by strokes of a pump. In the 
Gramme machine, although each part of the wire is constantly 
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clianging its relatioa to the acting magnetic field, yet the mre, at a 
tehole, never changes its relation to, or position in tho field ; hence 
the indnctife conditions set np are constant; the elootromotive 
force set np b of the nature of a conttani fall of water, and the 
oorrent is a eteod^r stream. To nnderstand how this result ia 
anired at, it is necessary to examine the apparatns and the 
conditions &om Heverftl distinct points of view. 

414, QsAUUii'a ABUATnaa. — The essential distinction of tiie 
machme lies in its armatoie; this term is scarcelj correct indeed, 
bnt I Dse it for the express purpose of keeping np a connectioQ 
with the ideas which the other maohiiies set up. . This armature is 
no longer a bar, or a horseshoe, bnt a complete ring of soft iron. 
The wire is no longer a length of wire having two ends forming a 
constant circuit ; it is a continnons and endless piece of wire wonnd 
over every part of the ring. The current does not flow throi^h 
this circuit in its entiret;, first one way and then the ottier, bnt 
two opposing currents flow in those parts of the wire which occupy, 
at each instant, a fixed relation to ^e inducing magnet, or rather 
no current flows at all (considering, that is, the circuit itself), bnt 
two equal and opposite electromotive forces are set np, which 




unite in producing current if an external oonductor is provided. 
When the conditions of this umature are perfectly understood, it 
will be seen that all the other parts of the machine, and its electric 
actions, are identical with all the other forms. ^ it, as in them, 
either permanent or electro-magnets can be used, and these latter 
can be excited by the machine itself, exactly as in Ladd's maohiue. 
Fig. 62 explams the oonatmction. The wire is wonnd continu- 
ously in the same direction upon the irou and its two ends joined 
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together ; but though this wire is endless, it is necessary that there 
shonld be a constant connection vrith it at the points where it is cat 

by the vertical line -| ; looking at the armature a» a wholes and as 

regards its relation to the magnetic field, the electromotive forces 
set up are shown by the arrows which, it will be seen, represent 
the same conditions as a pair of equal batteries connected with 
their forces opposed, as regards themselves, but in multiple arc as 
regards an external circuit. In such an external circuit, therefore, 
they combine to set up a current ; if no external circuit is provided, 
no current is generated. But the different parts of the armaiure^ as 
it revolves, are constantly changing their positions in the field, 
and therefore a temporary or shifting connection to the wire has to 
be made as each of its turns crosses the vertical line. If the wire 
were a single layer, this could be accomplished by exposing its 
exterior surface and arranging a spring to touch at each point. 
Practically, this same condition is attained by dividing the wire 
into a great number of equal sections, and attaching a conductor to 
each section in such way as to act as would the single turns of the 
wire itself. This is effected by bringing these conducting branches 
out to an insulated cylinder faced with as many insulated contact 
pieces as there are sections of wire to be connected ; this is shown 
by the dotted lines in the figure which represent the connecting 
wires ; springs pressing on the contact pieces make, practically, a 
constant connection with the two halves of the circuit on the 
vertical line. In the machine itself these springs are replaced by 
brushes of wire thick enough to press on, at least, two contact 
pieces. The object is to prevent any actual break of contact in 
order to avoid the production of sparks at the commutator ; there 
is also less mechanical resistance than a strongly pressing spring 
would cause. 

415. We have only to conceive this armature inserted in the 
place of the Siemens' armature in Fig. 81, p. 330, in order to follow 
out its relations to the magnetic field, and to trace out the points 
in which the Gramme machine differs from the others. The real 
distinction has not as yet been defined in any of the attempted 
explanations of the machine. In all other forms the armature, as 
a whole, reverses its relation to the magnetic field, and assumes two 
distinct conditions at different times. Jk the Gramme, the differed 
parts of the armature assume these conditions sfuccessivdy, and thus 
set up a rotation of the molecules of the wire as in other machines ; 
but, as a whole, the two distinct conditions are assumed at the same time 
in the two halves of the armature on each side of the vertical line 
in Fig. 82. 

In the revolution of an ordinary armature, the electromotive 
force set up id the wire, as a whole, varies with its distance from 
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the indncing magnet, and, in oonseqaenoe, the onrrent produced is 
variable. Now, the various sections of the wire of the Gramme 
occupy all these different positions at once ; the consequent yariable 
electromotiye forces are, therefore, generated in them as in the 
ordinary armatures ; but these sections being connected together in 
series, they act exactly as do a series of cells of different electro- 
motive forces, and the resulting electromotive force in each of the 
sides of the ring is constant, and is the sum of all those of the 
sections it contains. The action of the two halves of the ring A 
(Fig. 82) corresponds, therefore, in all respects with that of the two 
equal batteries, shown in B as coupled in multiple arc. In both 
there are equal opposed forces resulting in static equilibrium, and 
in both there is combined action on an external circuit. 

The wires may be stout or fine, according to the current required, 
or each section may consist of a flat ribbon wound in a tight spiral. 
The resis^nce obeys the law of derived circuits, and is, therefore, 
one quarter of that of the length of wire employed. 

416. Thbobt of the Gbamme. — The foregoing is an accurate 
description of what really occurs, but the manner in which the 
effect is produced is by no means clearly understood, nor do the 
several very elaborate explanations published at all clear the matter 
up. The result really appears to be the residuary or ultimate 
effect of several distinct actions, some co-operating and some 
opposing; part of the effect is due to the magnetizing and de- 
magnetizing of the successive parts of the rotating ring, each of 
which actions reacts upon the part of the wire surrounding it ; part, 
again, depends upon tiie effect produced upon the wire itself as it 
traverses the magnetic field. 

If we place a i^ort helix upon an iron bar which is magnetized, 
and slide it along the bar, a current is produced in the wire, variable 
in different parts of the bar, because of the different inductive 
effects. If the bar were closed into a ring, magnetized but having 
no poles because it is a closed and self-contained magnetic circuit, 
a constant current would be set up in the moving helix. If two 
such bars were joined into a ring with similar poles opposed, the 
currents would be variable and would change in direction on 
crossing the polar junctions. Fig. 83 shows us that the ring of the 
Gramme forms such a pair with the similar poles on the line n a, 
we may therefore regard each section of the wire as the helix 
traversing the compound ring or stationary magnetic circuit ; but 
beside the effect due to this, as the metal of die ring moves, its 
molecules undergo the usual changes which react inductively on 
those of the wire, just as though each section were a separate helix 
with a bar undergoing the process of magnetizing and demag- 
netizing. 



These are the prinoipleB developed by Count da llTonoel and U. 
Gaugun, so ta ae they can be extracted from the mathematical 
expresaiona they employ. Fig. 83 is modified &om one given in 
the 'BCechanic'e Magazine,' April 37, 1B73, and therefore I give 
with it the explanation there given, also somewhat modified. Let 
na regard the turn of wire to Qie left of 5. Ab the ring rotatee in 
the direction of the arrowa, the face of the iron on the line 5 
becomes more strongly N as it approaches the inducing magnet K ; 
when it passes the point 6 it becomes neutral or nearly so, and this 
change induces a current in the wire. After it pluses the point i 
the face becomes B with an intensity diminishing as fet as the point 
3, and then increasing till it passes 3. Each of these changes sets 
up its equivalent current as Aown by the arrows in the ring. The 
conditions are therefore analogous to those shown in Fig. 79, p, 329, 
and each successive section of the wire develops the £ M F appro- 
priate to its own relation to the inducing magnets, and to the 
magnetic action taking place in the ring within it. 




417. Fig. 84 is an endeavour of my own to trace out the sum of 
the actions. In it we regard the magnetic field set up and neglect 
the rotation of the iron ring altogether. It is evident that the 
wide poles, N S, of the indudug mt^et mnst set up too dittinet 
magnetic jieldi in the same direction, as shown in the dotted lines, 
corresponding to the ellipse of Fig, 77, p, 326. On this view the 
ring consists of two curved bar magnets, with their fields, and 
with opposed poles having a neutral space between. "We may 
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then examine the action in the wire by considering a single section 
as a short helix moving over the bars. Starting from S in the 
upper bar, it is exposed to a growing inductive action, till it 
reaches the middle line, where all the inductive actions of the 
principal magnets, and of the included bar, are at a maximum, and 
tend to make the wire led out to the commutator positive, or + . 
When this helix traverses the lower magnet, the same conditions 
recur, but tending to make the same wire negative, or ~. There- 
fore the points intersected by the vertical line + — are those of 
high and opposite inductive influence, tending, whenever a con- 
ductor is interposed, to set up a current externally, and dividing 
internally by the two branches ; and it would seem probable that 
this condition has an important influence on the result Wtually 
produced. 

But we may also regard the space between the dotted lines of 
Fig. 84 as a single magnetic field, the conditions of which will 
then be represented by the circles of Fig. 77, p. 326; by the aid 
of this figure we can trace out the molecular conditions which will 
be set up in a small helix traversing a circular path in the field, 
which mil be nearly represented by the thick lines in Fig. 77 if 
we conceive the ring of molecules forming the end of the bar to be 
strung upon this thick line. In the vertical position at the top it 
will be seen that the lower half of the ring would be exposed to a 
force tending to reverse the position of its molecules, but that the 
forces which tend to maintain the position are the greatest : by the 
time the ring had reached the lower vertical position its molecules 
would have had to make a semi-rotation in order to retain their 
relation to the field : on passing the b'ne S N, the ring being then 
horizontal (instead of vertical, as drawn in the figure), the mole- 
cules of the wire would be arranged across the wire instead of 
lengthways ; in this position also, each side of the wire being exposed 
to similar conditions, there is a conflict of forces, and the actual 
position assumed would be that dne to the excess of the various 
forces acting in one direction over those acting in the other direo* 
tion. It is tiierefore evident that no single way of looking at the 
action of the annature of the Gramme can possibly explain the 
effects produced. 

418. CoNSTBT7onoN. — Li the machine which was employed to 
supply the light at the Houses of Parliament, and which was also 
exhibited in action at the works of Messrs. Wheildon and Cooke, 
the side-pieces or poles N S, in Figs. 84, 85, which correspond 
to the blocks a a. Fig. 81, p. 331, consisted of two massive rect- 
angular blocks with the inner faces turned true ; to each of these 
there were secured three circular electro-magnets above and below, 
the other ends of these were secured in massive iroj^ plates, thus 
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forming the framework of the maohine. Fig. S5 is a vertical 
seotioa, and Fig. 85 one through the middle horizontal!;. It will 
be seen that tbwe are three separate rings, one of which sappliee 




the current for the eleotro-magnet ; the other two are connected 
aa one to the oonunntator for the external work ; c c are the com- 
mntatoTs, to which connections are made from an insulated frame 
attached to N and S at each end. 
In this machine the resistances were — 

The main electro-nu^ets Ohms 3*6 

I The ring for exciting the magnets .. „ -57 

The two rings for external work „ "37 

Its electromotive foroe increased with the rate of revolation, its 
best working power beii^ aboat 320 revolutions per minute. 

At the Houses of Parliament it was worked by a steam-engine 
in the basement, the current being oonvejed to tiie lamp 479 feet 
distant, bj means of copper rods ^ inch diameter, and about 
1700 feet long, according to Mi. Donglass' report. Making 369 
revelations per minute, it absorbed 2*66 horse-jfower, and gave a 
light equal to 3066 standard sperm candles. 

419. Baho or Conveebion of Enbeot. — Dynamo-eleotrio ma- 
ohiues unquestioiiably furnish the electric current at a cost lower 
than that of galvanic batteries ; but, oa yet, no one knows what the 
actual relative cost is. The makers always express their work by 
saying that they will heat so many inches of platinnm or iron rod 
of such a size ; this kind of measure is quite indeterminable, as may 
be seen p. 142, g 193, especially as the conductivity is very varia- 
ble : others say that they are equal to so many Bunsen's ceUa, and 
that they takci about so much borse^power to drive. No one seems 
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to have yet perceived that the essential reqnirement is to ascertain 
exactly, on one hand, the eneirgy expended, such as the indicated 
horse-power employed in* driving, and, on the other, the actual 
current developed in some definite unit (such as the British Asso- 
ciation veber or my chemic) in a known resistance, and under dif- 
ferent conditions of resistance ; from these data the actual energy 
utilized could be calculated. 

However, I have done this for one of Ladd's machines in a series 
of experiments carried out in conjunction with Mr. Desmond 
G. Fitzgerald. 

The machine employed was the form made for i man-power, 
which Mr. Ladd says will heat to whiteness i8 inches of platinum 
wire *oi inch or lo mils diameter. Its resistances were — 

The inducing magnet Ohm '815 

Magnetizing armature .. .. , .. .. „ *ii2 
Working circuit „ „ '129 

Each turn of the handles gives 15^ turns to the armature. The 
work done when a fair rate of motion was attained was propor- 
tional to rate of revolution, 41 turns of the handle giving 3 cubic 
inches of mixed gases in a large surface voltameter, whether turned 
at 80 or 160 turns a minute ; about 78 turns a minute were as much 
as a strong man could maintain for any considerable time, and at 
that rate it takes 12*2 minutes to produce one equivalent of the 
gases, the mechanical equivalent of which (p. 212) is 6841 foot- 
pounds. The energy expended per man-power is considered to be 
^ of a horse-power, then 33CXX)-^6 = 5500, and this multiplied 
by 12* 2 gives 67,100 foot-pounds, or about one-tenth of the 
mechanical energy is utilized as current. 

420. As this process is not exact, we arranged a mechanical 
apparatus in which all the details could be exactly tested. This 
consisted of a rope driving a barrel and multiplying wheels, by 
which the machine itself could in turn be driven at any suitable 
Telocity, by means of a heavy weight falling through a distance of 
32 feet in 2^ minutes, so that the residual energy of the weight 
might be disregarded, and the extra weight required at each stage 
of experiment represented actually the work then under examina- 
tion. I. Weight was used enough to work the driving apparatus 
alone. 2. Weight was added to drive the machine, with the 
armature exchanged for a piece of wood, to test the simple friction, 
which absorbed nearly haK the total energy required to work. 
3. ISxtra weight was used as necessary to drive at different rates, 
with varying resistances interposed, and the current produced was 
carefully measured under the various conditions. 

The result agreed with the furst experiment ; the work in foot- 

z 2 
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pounds by the fonnula 0' x B came closely to one-tenth of the 
amount of the weight multiplied by 32, that is, the foot-pounds 
mechanical energy expended. This is about the same ratio as the 
steam-engine really utilizes of the energy of coal, and if this is 
anything more than a special case, it would appear that we might 
reckon the cost of electricity thus obtained as ten times the cost of 
steam-power, which it will be seen in § 423 is *ooii per equivolt, 
bringing that of electricity to * on 2, which figure may be compared 
with those in Table YI., p. 120. 

421. It has been stated that Marcus, of Vienna, makes dynamo- 
electric machines which worked by i man-power are equiyalent 
to a Bunsen cell consuming 500 grains of zinc per hour. If these 
figures are true, the result is very much better than that just 
shown. 500 grains of zinc is about 15 equivalents, and taking the 
data of Table YL represents (15 x i *6) 24 equivolts produced. A 
horse-power 33000 X 60 -r- 4673 = 423 ' 7 equivolts, that is to say, 
•^ man-power expended is only 70*6 equivolts, which gives us one- 
vnird instead of one-tenth utilized. 

422. Work of the Chramme, — I was unable to measure either 
work expended or utilized in the Gramme machine with any 
exactness; some experiments have been published, however, in 
which the work in silver depositing done by a Wilde machine and 
one of Gramme's was compared. It is said that i horse-power 
was used, but it is uncertain whether each machine was so arranged 
as to utilize the power to equal advantage. The average of a series 
of experiments with an anode of 57 * 62 square feet shows a deposit 
with the Gramme of 26*89 ounces of silver per hour, and vrith an 
anode of 28*81 square feet 20*55 ounces, and with the Wilde 

16-53. 
It is stated that the Gramme gave an electromotive force equal 

to 2 Bunsens and a quantity of 32. Now if the E M F is correct 

and is taken as 3*2, then 20*55 ounces being a current of 913*3 

chemics, or 160' 8 vebers per second, brings the resistance of the 

circuit to '0199 ^^™9 which is a very unlikely-looking result. 

' But working on these data gives us the mechanical equivalent of 

the ourrrent of the Gramme as 293*3 equivolts against 423*7 

used (i horse-power), being 69 per cent, utilized. The Wilde, on 

the same data, gives 1 89 equivolts, or 45 per cent, utilized. Neither 

of these results appears trustworthy. 

423. Enebot of Fuel. — ^In studying the present subject it is 
necessary to understand clearly these relations of energy, and this 
is easy by the aid of the equivolt unit. According to the table, 
p. 212, the energy of carbon is 9624 foot-pounds, or 2*0594 equi- 
volts. But in most treatises on heat, it is usual to value the work 
of fuel, &c., in terms of units of heat, generally that amount of 
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heat which will raise i pound of water i° Fahr. in temperature : 
such values can be converted into the equivolt by dividing by line 
28, Table XVII., p. 217, or by multiplying by its reciprocal • 166 
or Log. ~i •2180099. On this System, according to Favre and 
Silbermann, the value of carbon per lb. is 12,906 units, and of 
hydrogen 62,535. According to the Government experiments on 
coal the average of English qualities may be taken as — 

Carbon, per lb •812 x 12906 = 10480 

Hydrogen (available), per lb. '041 x 62535 = 2564 

Equivolts, per lb 2154*9=13044 

Taking the price of coal as 208, per ton as an average figure from 
which actual cost is readily derived under any circumstances, we 
get the cost of coal per lb. * 107 1 of a penny, and per equivolt 
* 0000497. We must next consider the proportion of this actually 
utilized in ordinary steam-engines. This will depend upon their 
consumption per "indicated horse-power," and this varies from 
2^ lb. per hour in the best engines to 5 and 6 in common ones.* 
A horse-power is 33,000 foot-pounds per minute, or 1,980,000 per 
hour = 423*7 equivolts;? if, then, we take 4 lb. of coal per hour 
as an average consumption, this brings the practical mechanical 
equivalent of the pound of coal to 105 '9 eqnivolts, and the prac- 
tical cost of steam-power per equivolt * 001 1 2 of a penny. On these 
data the average steam-engine utilizes only one-twentieth of the 
potential energy of its fuel. 

A man's power is usually taken as ^ that of a horse-power, or 
70*6 equivolts, and at 8d. per hour, costs per equivolt * 1133 of a 
penny. 

424. Eleotbo-magnetio Engines. — Many attempts have been 
made to drive machinery by means of electro-magnetism, but all 
are failures. A sketch of tbe fundamental principles at issue may 
serve to prevent readers from wasting their time uselessly, or to 
guide them in the only possible useful direction. The considera- 
tions examined, § 426, will show that electro-magnetism cannot 
possibly compete with the steam-engine unless a very cheap source 
of current can be obtained. But for some small kinds of work, 

where only momentary or occasional action is necessary, and the 

• 

* The indicated horse-power is usually employed as the measure of work and 
merit of an engine, but it is not really so, as it does not allow for the friction of 
the engine itself. The correct value can be ascertained only by some kind of 
dynamometer which measures the actual mechanical energy exerted at the driving 
pulley of the engine per indicated horse-power developed in the cylinder, as this 
latter measures the proportion of energy of the fuel transformed into pressure on 
the piston by the agency of the boiler and cylinder. 
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mere cost is of slight moment compared with conyenience, electro- 
magnetism may be advantageonsly used to do mechanical work, as 
indeed it does whenever employed to ring a bell or giye a signal 
in telegraphy. 

Engines must be of one of two classes, (i) Botaionfj in which a 
series of armatures are mounted on a wheel acted on by several 
electro-magnets arranged at different distances from an armature, 
and each is in turn thrown into circuit to act on an approaching 
armature ; this is effected by having more armatures than magnets: 
the armatures may be iron simply, or they may be electro-magnets, 
in which case repulsion may be employed as well as attraction. 
(2) Beciprocating^ like the beam steam-engines. In these an arma- 
ture on a lever is attracted and released by an electro-magnet, or 
the lever may be double and so made into a beam with a magnet 
on each arm. The greatest effect has been produced by using 
hollow helices, the lower half containing iron, with a plunger of 
iron to be attracted into the helix. In either form the commutator, 
which is actuated by the moving axis, must be carefully arranged 
to throw the current into the proper circuit only while it can do 
effective work. 

It is important to give the armature as little motion as possible, 
because the effect of distance is to decrease the attraction in a ratio 
at least equal to the square of the distance, § 429, while power 
can be gained mechanically by leverage at the equal ratio of the 
distance or length: therefore the driving point should be at a 
greater distance from the axis than the armature is. 

425. A new construction of electro-magnets has lately been 
published by Mr. J. S. Camacho. I tried the same principle some 
time ago, and it greatly increases the power to be obtained. Instead 
of a 9olid or single core of iron surrounded by a helix, the construc- 
tion is compound : an ordinary small cylinder and heKx is sur- 
rounded externally by another cylinder of iron and a helix, and so 
on, thus placing a large part of the inducing currents in the 
interior of the magnet itself, and securing a greater inductive 
action on the iron. The following figures are given as to a 
machine which has been tested at Habana : The interior diameters 
of the iron tubes are 48, 76, 106, and 127 mms., the inner one 
made of iron 13 mms. thick, the other 7 mms. The wire is copper 
of 3 square mms. sectional area (about No. 16) in two layers, or 
1 80 turns on the three inner tubes, and seven layers with 630 ttums 
on the outer cylinder, all connected in one length. The length of 
the arms is 212 mms., the weight 35 kilos., and that of the wire 
19 kilos., with a length of 800 metres. 

With 7 bichromate of potash cells, it is said to exert an attrac- 
tive power of 552 kilos, at 2 mms. distance, " while one of ordinary 
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eonstmction of equal exterior diameter only supports 1 1 kilos., 50 
times less." This mast be taken quantum valectt. 

426. Cast of Working. — The exact method of estimating energy 
explained in the preceding sections, and especially the nse of the 
eqniyolt unit, wluch renders all the facts comparable, will show 
why all electro-magnetic engines fail. The whole question resolves 
itself into one issue : What is the cost of an equivoU of energy f The 
cost, by even a common steam-engine, is ' 001 1 2 of a penny. Table 
VI., p. 120, shows its cost when obtained from the various forms 
of galvanic battery, and these figures must be doubled at least to 
ascertain the cost, when transformed into mechanical work by aid 
of magnetism, that is to say, electro-magnetic power must cost more 
than 100 times as much as steam-power. 

The figures given in the books are even too favourable to the 
electro-magnet. Thus Joule calculates that under the most favour- 
able circumstances an electro-magnetic engine would consume 
75 lb. of zinc in a Daniell's battery to maintain i horse-power for 
24 hours. 

Now Table V., p. 119, shows 201 equivalents per lb. of zinc, and 
the Darnell's force is 1*079, therefore 75 x 201 x 1*079 = 16266 
eqnivolts ; a horse-power for 24 hours is 10,168 equivolts, and twice 
that amount at least is required; but taking these figures and 
setting the cost of the battery as only 4 pence per lb. of zinc, we 
have 25 shillings, while 96 lbs. of coal, costing, at 20 shillings per 
ton, 10*29 pence, would in a common steam-engine do the same 
work. 

427. The following table is a supplement to Table YI., and 
shows at one view the various facts. It relates only to materials 
consumed. 

Cost of MscHAinoAL and Electbioal Enebgt feb Equivolt = 4673 Ft.-lbs. 





DetaU in $$. 


Apparatus. 


Coet in Pence. 








Mechanical — 








423 


Coal, potential 


•0000497 






423 


Steam-engine 


•00112 






423 


Man's power 


•1133 






426 


Electro-magnetic 
Electric (see Table VI., p. 120)— 


•1122 






420 


Magnets utilizing one-tenth 


•0II2 






421 


„ „ one-third 


•0038 





428. Eleotbo-maonetio Laws. — The following statements as 
to the laws which govern the construction and actions of electro- 
magnets are collected from various sources : they relate to the 
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three elements which constitute an electro-magnet: (i) the iron 
core; (2) the helical wire; (3) the current which is passed : 

r. The power to deflect a magnetic needle is proportional to the sqnare root of 
the diameter of the core ; the lifting power, to the simple diameter. (Dub.) 

3. The attractire power increases as the mass of the iron, and this is propor- 
tional to the square of the diameter of the iron cylinder, the lengths being equal. 
(PfaflV) 

3. The form of the iron influences its power. Cylinders carry greater weights 
than rectangular bars, and a hollow cylinder from which a portion has been cut 
away so as to form a long horseshoe magnet when viewed in the direction of its 
axis, but a very short one if taken as to its height, is capable of receiying a yery 
great suspensive force : a slight curvature of the polar surface adds to its power. 
(Pfaff.) 

4. The free magnetism at the poles of a horseshoe magnet is proportional to the 
square root of the length. At any given transverse section it is proportional to 
the difference between the square root of half the length and the square root of the 
distance of the given section from the nearest end. (Dub.) 

5. The magnet's suspensive power increases as the number of turns of the wire, 
or the total effect is equal to the sum of each taken singly. (Pfaff.) 

6. The free magnetism of an electro-magnet is directlj proportional to the 
number of turns of the helix. (Jacobi.) 

7. Its attraction is proportional to the square of the number of convolations. 
(Dub.) 

8. The attraction between two electro-magnets is proportional to the sum of 
the product of the current strength and number of convolutions of both helixes. 
(Dub.) 

9. The material and thickness of the wire are (when the current is equal) 
without influence upon the magnetism. (Lenz.) 

10. The free magnetism of the end faces of an electro-magnet is proportional to 
the current strength. (Dub.) 

11. The attraction between electro-magnets is proportional to the square of the 
strength of the current. 

Noad gives the following generalizing formula : 

13. Let M = the magnetic force of the electro-magnet, 
n = the number of convolutions. 
d = diameter of the core. 
C = the current passing, 
c = a constant (not stated). 

then M = cnCfJd, 

The several resistances of course have a bearing on the relations, 
as under like conditions the current depends on the resistance, and 
the resistance and number of turns are related to the size of the 
wire. 

When the resistance of the coils of the electro-magnet is equal to the resistance 
of the rest of the circuit, the magnetizing force is at a maximum. 

The magnetizing powers of coils (of the same metal) with the same surface of 
battery plates arranged so as to give the maximum current, are as the square roots 
of the weights of the wire used. (Menzzer.) • 

FormulsB arc frequently given as to the relation of the resistance 
of the wire to that of the battery, but these are very delusive : it is 
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the cnrreni passed and number of tnrns of wire which are to be con- 
sidered, the resistances are of importance only as they influence 
these. 

429. Attbaotions of Maonbts. — The supposed laws of attraction 
of magnets are delnsiye : the attractions of magnets can follow no 
definitive law of mere distance, for the relation depends upon the 
magnetic field. Let us conceive a flexible bar of iron covered with 
a helix and bent up into horseshoes of different form, that is, with 
greater or less openings between the poles. Each arrangement 
would set up a different magnetic field, as will readily be seen by 
means of the principles of § 405, p. 325. The closer the poles are 
brought together, the greater weight would an armature in contact 
be able to carry, because the force would be more intense in the 
armature ; but the difference in powers would not be vast, providing 
the armature itself was properly adapted to engross the inductive 
power of the magnet (to do which it must be at least as large in 
section as the magnet itself). But the wider apart the poles, at 
the greater distance would a given attractive energy be exerted, 
because the field would occupy a larger ellipse : therefore doubling 
the distance in this case would reduce the attractive power much 
less than it would in a magnet with its poles close together, and 
therefore with a small and intense field. 

430. Eleotbo-magnetio Coils. — These are an application of 
the principles studied §§ 399-405. They consist of distinct parts, 
the fanction of which should be understood, i. The iron core. 

2. The primary wire which conveys current from the battery. 

3. The break which interrupts the current. 4. The secondary 
wire in which the induced current is set up. 5. The insulation. 
6. The condenser. 

Between all these parts there is a due proportion, and Fig. 87 is 
drawn to a scale intended to exhibit that proportionate relation for 
the best construction : it represents a coil i foot long in the core, 
and i^ inch diameter. 

The ellipse shows the most advantageous form in which the wires 
can be arranged, to occupy the most effective portion of the space 
marked in thick lines from the points ah, in Fig. 77, p. 326. 
The inner dotted line is the space adapted for a smaller quantity 
of wire. There are many other modes of construction which may 
be occasionally glanced at, but the following explanation is in- 
tended to assist in the actual making of a coil to the best advan- 
tage. 

431. The Core, — This acts purely as an electro-magnet, and 
should be made of the purest and, softest iron, so that it may 
magnetize and demagnetize as rapidly and completely as possible. 
It most not be capable of setting up an induced current within 
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itself, therefore its own metal moBt not form a mrcnit which 
would act RS does the braas ooTeriug tabe described S 443> It is 
oompoaed, therefbtc^ of wires of the best quality of No. i8 to 22 




gauge, cot in lengths somewhat in excess of the intended core, bo bs 
to project at both ends, as shown in dotted lines at one end c : they 
should be made up into a truly round form, which is beet done by 
aid of a met«l cylinder of proper size, split from end to end, tutd 
bound with wire or cord while the wires are packed : it should 
then be slid off gradually while a strong wire is wound tigbUy 
from end to end of the bundle : this should then bd placed in a 
charcoal fire, made red hot for some time, and allowed to cool as 
the fire goes out — not by remoTol. The binding wire should be gra- 
dually unwound, and replaced by a strong tape covered by strips 
of stout paper glued or pasted on to form a cylinder, which, when 
dry, should be warmed and dipped in melted paraffin, which ehonld 
Boak thoTonghly in. 

Another plan is to use a mandrel of hard wood slightly tapering ; 
form the paper cylinder on this, make the coil complete as follows, 
and insert the core afterwards ; this latter plan ih the easiest, but 
the core is not so perfect, and space is apt to be lost between the 
core and the primary, which is disadvantageous, unless it is desired 
to have a removable core for purposes of experiment ; then it and 
the primary may be made to slide in the tub« on which the secon- 
dary is wound. 




ELECTRO-MAGNETISM. 347 

Fig. 88 represents a cap of metal to be fitted on to each end 
of the core or to the mandrel, to work in a slot in an upright 
frame so that a handle can be slipped 
on either end to wind up the coils of Fig, 88. 

wire. This could be done in a lathe, 
but is far better done by hand in a 
frame for the purpose. 

When the coil is completed, the 
caps (which may be best secured by 
shellac cement) are removed, the end 
of the core at 6 is to be cut off and 

filed to a perfectly smooth face : the end c may advantageously 
be left on, as shown, projecting beyond the calculated length of the 
core, as it and the armature at the other end will both add to the 
inductive actions. 

432. The Primary, — This may be cotton covered, but is better 
silk covered, because the laws (§428, 5-7) show that the magnetism 
induced in the core depends upon the current and the nurriber of 
turns of wire, and this number will be greater, the less room the 
insulation takes up; for this reason, and as there is little ten- 
dency to escape, the wire should not be coated with paraffin, &c. : 
it should be of the softest quality and the highest conductivity 
possible. ' The proper size is of the utmost importance : it must be 
selected with an eye to the battery power intended to be used so as 
to develop the greatest current. It is wise to err on the side of 
using wires too small rather than the reverse, because that error 
partly compensates itself by the greater number of turns, and may 
be corrected in working by using an extra cell or two. No. 14 
would suit a coil a foot long to work with low battery power ; for 
smaller coils. No. 1 8 and even 20. It should be in one length, in 
case of any accident occurring at a join, and also to avoid irregu- 
larity of form which is apt to be caused by a joint. The question 
as to the advantage of two or three layers is of the same order as 
that of size ; it is a matter of resistance, current, and space occu- 
pied : the balance is in favour of two layers. This also brings the 
two ends to one extremity ; if three are preferred, the end of the 
wire must be brought out and carried back under the stand in 
mounting. Place the core in the frame, tie the wire fijrmly to it 
with a 8i]^cient length for connection, and wind up as firmly and 
closely as possible, beginning at the left hand, and turning the 
handle upwards to form a right-handed helix. When the layer is 
completed, fill up the furrow between the wire with a sofi; cotton 
cord, or stout knitting cotton, which has been well baked and soaked 
in parafi&n, then bind over firmly with a strip of dry sUk or sil> 
binding (such as the drapers caJl Prussian or flannel binding), ' 
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preyent any accidental contact by cliafe of the wires. Now con- 
tinue winding on the second layer, and secure it in the samo 
manner. It will be wise now to test the resistance of the wire, 
which should be slightly greater than before winding : if it is less, 
there is contact somewhere, which must be remedied by unwinding. 
The core and primary should now be warmed and well soaked 
with melted paraf&n. 

A3 3. I may here suggest that an electro-magnet built up as de- 
scribed, § 42 J, would probably constitute a yery admirable basis for 
a coil ; for tois purpose each of the iron cylinders should haye an 
open dit from end to end, for the purpose of preyenting current 
induction within it. 

434. Insulating Tube. — The core and primary are now to be en- 
closed in a tube, as shown by e. Fig. 87, which requires to be thicker 
at the ends than at the middle, as drawn. An ebonite tube is usually 
recommended, but it is yery costly and difficult to fit exactly to the 
primary without waste of spaca Such a tube can adyantageously 
be built out of the thinnest sheet dxmite. Measure the proper size 
with a piece of paper cut to fit tight ; cut out a piece of the ebonite, 
which is best done with a sharp point, or a tenon-saw drawn oyer 
the sur&ce ; hold it' before a fire till it softens, and bend it oyer the 
coil, binding it down with a tape till cold ; then secure the joint 
with shellac. In a large coil a second cylinder should be used, 
breaking joint at the opposite side, and the surfiEUie of the first should 
be painted with shellac yarnish, so as to just stick when the next is 
applied Three discs of the thin ebonite are to be cut, with central 
holes to suit the position, as shown, and slipped upon the cylinder, 
which is then thickened up on the ends by shorter cylinders, as 
shown. When dry these may be turned down to a regular curye, if 
desired, or the discs being set in position, a strip of pa^raffined paper 
may be wound on to the desired thickness, as directed in the winding 
of the secondary. In discs i and 3 there are to be holes through 
which a length of the secondary wire is passed, as shown. In small 
coils a single disc will suffice ; in larger ones others are to be added 
so as to leaye no space wider than 2 to 3 inches, but so as to keep 
an eyen number of spaces. The discs are to be thickened alter- 
nately at the middle and edges, so that the thin part is where the 
wire passes from one compartment to the next, that is to say, where 
the difference of tension is least between the neighbouring portions 
of wire, this obeying the law of tensions, and correspondLig to the 
actual length of wire interyening between such neighbouring parts. 
There are two ways of thickening discs: another disc of sheet 
ebonite may be cut of the proper size and rasped away at one 
edge, and cemented with shellac on each side of the principal disc ; 
or discs of paraffined paper may be cut and added at interyals as 
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h the Tvire is wound on, whicli is readily done by cutting a slit in 
i eaoh so as to slip it on, breaking joint of course at each. The first 
L plan is preferable when the thickness is in the centre. 

The two end pieces may be made of ebonite, but well-baked 
mahogany saturated with paraffin will answer. The inner faces 
may haye a recess cut in them to contain a circle of thick sheet 
ebonite where in contact with the wires, and if desired, a casing 
of thin ornamental wood can be used to cover the real ends. In 
most coils these ends are circular, with a flat face at the lower edge ; 
but in Fig. 87 they are rectangular, in order to carry the terminals 
and discharger. Whichever plan is preferred, they are now to be 
fixed firmly upon the ihsulating tube so as to enclose within them 
part of the primary, as shown, forming a complete reel. The in- 
sulating tube should be carried to the end of the core (instead of 
being cut off to the ellipse, as shown in the figure), so that the 
ends may be fixed securely upon it. 

435. The secondary wire is to be laid on with its turns parallel 
to those of the primary, and there should be as many turns got 
into the space as consists with the other essential conditions. The 
size of wire depends upon the object aimed at. A full bushy spark 
depends on quarUity, and this again depends entirely on the size of 
the wire. Length of spark depends on tension, and this upon the 
number of turns. These conditions are explained § 43 9, and the size 
of wire will range between Nos. 35 and 40. The coil is to be 
arranged in the winding stand as ben)re, with the h end to the left, 
or in the reverse position to that of Fig. 87. Fix pieces of wood 
or cork in all the spaces, except the end 3 6, to support the discs, 
and then wind the wire on, turning the handle as before,^ away 
from the body upwards to form a right-handed helix of the wire, 
which is to be wound on with the precautions as to insulation de- 
scribed § 436, filling up to the elliptic outline, and leaving the end 
out, for connection to the terminal. Next fill up the space 1-2 in 
the same way. Now turn the reel end for end in the frame, bringing 
it as it is in Fig. 87, and fill up the other two spaces, turning the 
handle the same as before ; then as the wire commences at the other 
end of the space and its position is reversed, the spires will all be 
in the same direction and be a continuous helix, when the two ends 
at partition 2 are soldered together. 

The object of this construction is to concentrate the tensions at 
the two ends of the coil where perfect insulation is most easily 
effected, and to secure the most perfect insulation where it is most 
required : it is for this purpose that the tube is thickened at the 
ends to resist any tendency to strike to the primary. 

In the common, because easy, construction with the secondary 
wound backwards and forwards from end to end, as in Fig. 89, it :' 
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obvions that a great lengfih of wire intervenes between the proxi- 
mate ends of two separate layers, and there is in conseqnenoe great 
risk of a spark breaking through the insulation, which in such case 
ought to be thicker there than at the ends at which the layer turns 
back on itself. 

436. Inwlation of Secondary. — The wire itself should be silk 
covered ; it should be well baked, and laid on while quite dry. It 
is better for being paraffined, if this is so done as not to enlarge the 
size (§442). Between each layer an insulating film is spread, 
which is usually made of several thicknesses of guttapercha tissue, 
but it is doubtfhl whether good paper paraffined, such as is used for 
the condenser, is not better. The best mode of applying either is 
to cut it in long slips half an inch wide, fix the end over the end of 
wire, and wind spindly, so that the strip overlaps half its width. 
On reaching the end or partition, great care is to be taken that the 
space is peHectly filled, which is easily done by forcing in a little 
softened paraffin ; the strip should then be folded back on itself 
close to the wall of the space, again wound spirally back half-way 
up the space and returned to the end, where it can be left to 
support the next layer of wire : by this means there are only two 
thicknesses interposed where little insulation is needed, and four 
where it is most required. In long spaces or undivided coils, the 
strip should be returned two-thirds of the length, and again for 
one-third, so as to have six thicknesses at the dangerous ends. If 
paraffined paper is used, the final process will make all secure, but 
if guttapercha is employed, it will be an improvement to paint 
round the ends at each layer with shellac cement. Some paint the 
whole wire thus when laid, but this renders it next to impossible 
ever to remove the wire if desired. Guttapercha dissolved in 
benzole or in oil may be used instead of shellac. 

When the coil is completed, similar external insulation should 
be employed, filling up the outer dotted line. Fig. 87. This should 
be of an air-proof nature, such as paraffined paper or solid gutta- 
percha, otherwise the guttapercha sheet is apt to be destroyed by 
the action of the air. If paraffin insulation is used, the coil should 
be slowly warmed for some hours, and then saturated with melted 
paraffin before applying this external covering. 

The continuity of the wire should be carefolly watehed through- 
out, as described § 442, or at least tested as each layer is completed, 
lest any break should occur unnoticed. It is also a great advantage 
to test the growing inductive action as the coil progresses, which 
is one reason also for building it on the core itself. At the earlier 
stages this may be tested by a suitable galvanometer, connecting 
up a single Daniell cell to the primary, with a hand contact key 
interposed, and observing the deflection produced on making and 
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breaking contact : of course, the whole length of wire to be used 
for the coil must be connected to the secondary from the first, or at 
least it must be made up to one uniform resistance, so as to observe 
the increasing electromotive force generated. When the coil has 
BO far progressed as to give sparks, a discharger may be used, and 
the break key should have the condenser attached. The increasing 
spark can be thus watched, and any accidental failure of insulation 
at once detected before it is covered up. The construction of a 
large coil is a matter of so much labour that these precautions are 
of great consequence. 

437. The Break, — The construction of this is simple, but involves 
important principles. Its objects are, (i) to close the battery 
circuit fully, with as little resistance as possible. This requires a 
good contact surface at the platinum points and a strong pressure 
of the spring. (2) To maintain the contact till the core is folly 
magnetized. This requires the resistance of the spring to be just 
sufficient, so as not to allow the armature to be moved until the 
full magnetism is approached: for this reason it is desirable to 
place the point, as shown, at some distance down the spring, which 
then assumes a curve before actually destroying contact. To assist 
this the spring may be of taper form, thinning away towards the 
upper end. (3) The iron armature must be of the best soft iron 
and as massive as the core itself ; it in fact acts as a prolongation 
of the core, and assists the inductive actions. 

The construction is simple, as shown &, Fig. 87. The spring is 
secured to a brass bracket, which carries also a set screw, by which 
the distance between armature and core and the resistance of the 
spring are adjusted. A similar but higher bracket carries a screw 
pointed with platinum, and provided with a loose set nut to prevent 
its shifting with the vibrations. The platinum should be soldered 
in position, but care must be taken that no solder runs over it. A 
hole should be drilled in the point of the screw, and tinned by 
means of a pointed wire, and the platinum wire entered firmly in. 
The piece on the spring may be a piece of thick wire, in which case 
a hole should be drilled in the spring, in which a reduced end of 
the platinum may be entered, riveted up, and touched with solder 
on the back. A piece of stout sheet platinum may be used, in which 
case the spot it is to occupy should be tinned, the platinum placed, 
and the iron carefully applied round the edges. Platinum requires 
to be moistened with flux to enable solder to take readily. 

For some experimental purposes a break worked by hand or 
mechanism is usefol, and consists of a spring pressiag on a ratchet- 
wheel revolved at a fixed rate. This may be interposed between the 
ooil and battery, the ordinary break being screwed tightly up. 

438. The Condenser is made as described § 61, p. 53. The area 
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of foil it should contain depends upon the degree of batteiy power 
to be used, increasing with this : excess in size is, however, no evil. 
The two faces are connected, as shown, Fig. 87, to the spring and 
the screw of the contact breaker. The function of the condenser 
is not thoroughly understood, but it absorbs the extra current of 
the primary and reduces the spark at break of contact, which would 
otherwise destroy the platinum. The effect is to facilitate the 
demagnetizing of the core, and consequently to increase the electitH 
motive force of the secondary current at break of circuit. 

Fig. 89 shows a convenient mode of constructing the condenser. 

A shows the foil projecting half an inch 
Fig. 89. beyond one end of the paper, and with an 

inch margin left round three sides. The 
sheets of foil may be each fixed by warming 
and by pressure on a sheet of paper. The 
first sheet b^ing laid with the tinned side 
beneath, another is laid with the foil above, 
and in the position shown by the dotted 
line, so that the two papers are between 
the foils : two uncoated sheets are then laid, and then the process 
continued as required. The rectangular space included by the two 
arrows is the effective area of the foiL 

Experiments have been published lately by M. L. Boltzmann on 
the inductive capacity of insulating materials, differing froQi those 
given on p. 53, as follows : 

Vulcanite 3 '15 

Paraffin 2*32 

Sulphur 3*84 

Besin 2*55 

In the cheaper coils, condensers are made of sheets of ordinary 
paper without any preparation interposed between the foils. 

The best mode of ascertaining the size of the condenser adapted 
to a coil is to arrange it as described for making, and lead 
temporary wires to it from the coil, allowing this to work at 
intervals, increasing the battery power gradually to the utmost 
likely to be used, and adding sheet after sheet of the foil as it is 
observed to produce beneficisd effects. 

439. The Laws of Coils. — The effects of a coil depend upon 
the size of the secondary wire, and its length as mentioned, § 435. 
Size or thickness of spark depends on the thickness of the wire: 
length of spark depends on length of wire ; the laws are in fact the 
same as those of batteries and of the heating of wires, § 193, 
p. 144. 

We may regard each turn of wire as an electromotor analogous 



ELECTBO-MAGKEnSM. 858 

to a cell of a battery, or to a thermo-electric couple. At each 
section of the coil equal electromotive force is deyeloped in each 
turn, whether close to the core or at the outside of the coil ; but 
the distinction must be remembered between the electromotiye 
force developed in the turn, and the effect produced externally by 
the turn : this will correspond to the actions of a large or small 
cell of equal force, and, therefore, the inner turns exert more 
energy than the outer, because their own internal resistance is less 
in the ratio of the lengths. 

So also the electromotiye force developed in the turn is inde- 
pendent of the nature of the metal of the wire, but as the effect 
produced depends on the resistances as well as the electromotive 
force, wire of high conductivity ought to be used ; it will also 
develop less internal heat. It is, however, a question whether 
iron may not form an exception to ^pa, b^ause being magnetic 
it would absorb energy itself, and thus increase the electromotive 
force it could develop, but it is doubtfal whether this would 
counterbalance the disadvantage of the extra resistance. It is very 
doubtful whether any definite law of construction has been as yet 
arrived at, generally applicable. The principles here laid down 
apply fairly to coils up to 1 8 inches in length, and it is usually 
considered that with adequate battery power a spark ought to be 
produced at the rate of an inch per mile of secondary, but the coils 
which have been made of imusually large size have not given any- 
thing like a proportionate effect. A few instances of noticeable 
coils are given in § 441, which show this. 

Coils may be united as cells are, and upon the same laws, and 
it would seem that more effect would be obtained from the same 
materials and currents applied in four coils of a foot long than in 
one single coil, but coils to be so coupled would require very per- 
fect insulation. They may also be joined in multiple arc, and so 
increase the quantity, or thickness of spark, but the coils must be 
similar in construction and force. In these cases each coil should 
have its own battery, but all the breaks should be screwed down, 
and a separate single break inserted in the circuit so as to act on 
all at once. 

440* Mounting Coils. — In Fig. 87, (Z is a slab of glass, ebonite 
or prepared wood, fixed upon the ends of the reel, forming a frame 
the sides of which may be advantageously closed with glass, so as 
to protect the coil from damage by dust and damp ; a tube in the 
middle of d carries a rising table of ebonite ; and the two pillars + 
and — connected to the terminals of the secondary, constitute a 
universal discharger ; they are, in fact, an elongated binding screw, 
to which wires to any apparatus may be attached. They termi- 
nate at the top with a spherical socket, forming a universal joint. 

2. A 
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The rode, oanyiiig wins, &o., slide in a tnbe, bo that their di»- 
tanoe, position, &c., are under petfeot control. 

In niOBt coils these pillars, or insulated, binding screws, are 
placed on the stand at the eiid or the side of the coil, but the 
amngemeut shown is maoh more couTenient. The two ends of 
the primary pass down throagh the stand outaide the end of the 
reel at b, the inner is oonneoted to the spring of the break, and by 
it to the binding screw, as shown : the outer end goes direct to the 
other binding sorew. 

It is, howBTer, better to have a oommutator on the stand to rererse 
or cut off counectioa with the battery. The best constmction fcf 
this purpose is shown in full size section, Fig. 90. e ia a circular 
or elliptic block of wood or 
ebooite, with a cheek on each 
side projecting beyond opposite 
^ids of the dumeter to uSbrd a 
fastening for the metal portion. 
This consists of two similar pieces 
of brass, e d, which may be bnilt 
up of several ports or cast in one, 
as shown. These form the axis 
on which the apparatus moves, 
and each of them being con- 
tinued up one side and across the 
end of e, forms a path between 
two springs touching them. The 
cylinder is supported in two 
brackets, aa shown in dotted 
lines, and to these biaokets are 
also seemed springs + and — , 
which being connected to the 
batteiy binding screws, bring the 
cmreiit to the commutator. Two other springs, a h, convey the 
current away, either being made praitive according to the direction 
in which the handle is turned. When this is vertical, the corrent 
is cut off altogether. These springs should be fixed to small 
brackets with stems to pass throng the foundation plate of the 
instroment, and are to be used in place of the principal binding 
screws for all conneotionH directed to be made to these, 

4^1. Noted Coos. — i. Bhumhorff has constructed some, con- 
taining about 60 miles of secondary, whioh, with I Bunsen cell, 
gave ^l inches spark, and 1 6 inches with 7 cells. 

a. Sitehie made one for Gasaiot, the core 18 inches, if diameter: 
the wire covered with guttapercha -^ thick ; the primary, 9 gauge, 
150 feet in three layers. The secondary in three cylinders, each 
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5 inclies long, made of guttapercha -^ thick; the wire of the 
middle one, 32 gauge, 22,$oo feet long; the others of 33, each 
25,575 feet. There are three condensers, of 50, icx^, and 150 feet, 
capable of combination. With 5 Bunsens, each coil gave a spark 
of 5 inches ; the three gave 1 2:^ inches. 

3. Siemens and HaUke. — Made with a great number of partitions 
of sheet ebonite, contained 80 miles of secondary, and gave sparks 
from I to 2 feet in length. 

. 4. Yeates*. — In two compartments; core, 22 inches by i^J:; pri- 
mary, 12 gauge in 2 layers ; secondary. No. 36, in 55 layers, making 
5 5,000 turns, insulated with guttapercha tissue and! paraffined paper, 
10^ miles in length, and 10^ lb. in weight; condenser, 66 sheets 
of foil 1 1 X 29, with paraffined paper. With 5 Grove cells it gave 
I2f inches spark. 

5. LcLdds — Core, i foot long, 1*8 inch diameter; primary, 
12 gauge, 50 yards in three layers; secondary, 3 miles, No. 35, in 
layers from end to end, each separated with five or six sheets of 
guttapercha tissue ; condenser, 50 sheets of foil 18 X 8 on varnished 
paper ; gives 5 inches spark with 5 Bunsens. One constructed for 
Dr. Eobinson, with two secondary coils, each 5690 yards, or 
together, 6 miles 820 yards, is said to give sparks, 2*04 inches 
with one cell ; 5 • 06, with two ; 6 • 45, with three ; 7 * 65, with four ; 
and 8*38, with five cells. 

6. The Polytechnic, — Length from end to end, 9 feet 10 inches ; 
diameter, 2 feet; weight, 15 cwt., containing 477 lb. of ebonite. 
The core, 5 feet long, of No. 16 wire, 4 inches diameter, 123 lb. 
The primary, 145 lb. of 13 ('0925) 3770 yards, making 600 turns 
in strands of 3, 6, and 12 wires ; total resistance, 2 * 2014 ohms. 

The secondary, 606 lb., 150 miles long, and resistance 33,560 
ohms, on an ebonite tube ^ inch thick and 8 feet long, the coil 
itself occupying 54 inches in the middle of the tube. 

The condenser is in six parts, each containing 125 square feet of 
foil. 

With five large Bunsen cells the spark was 12 inches, and 29 
inches with 50 cells. 

Particulars of a series of experiments with this coil are given in 
the 'Chemical News,' Sept. 24, 1869, No. 513. 

442. Management of Wires. — This is of great importance, espe- 
cially in constructing coils. The greatest care is requisite, for there 
is little satisfaction in spending much time and labour in wii^ding 
up a great length of wire, and then discovering that there is a break 
in it at some unknown point. The following precautions, though 
very troublesome, will well repay the trouble. 

(i) Test each reel of wire for continuity : sellers rarely furnish 
reels in which the wire is continuous from one end to the other. 

2 A 2 
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The test reqniies a delicate astatic galvanometer and a cell to send 
eorrent through the wire. 

(2) If not continuons, wind upon a fresh reel, passing the wire 
through the fingers and carefully watching it* It is hest to use 
a tin reel for this purpose, or, at all events, to use a metallic axis 
against which a spring can he placed, soldering the beginning 
of the wire to the reeL By this means a permanent test can he 
kept up, and measurement of resistance, length, &c., can be made 
at any time. 

(3) It is desirable in many cases to paraffin the wire. It should 
be first well baked till all moisture is driven ofi^ and while hot 
should be dipped into the melted paraffin, or this may be poured 
over it. For ^e wires the paraffin may be thinned with turpen- 
tine, which will prevent the wire from being much enlarged. It 
is desirable to warm the reel of wire when it is about to be used, so 
as to soften the material. 

(4) The resistance of the wires should be taken and noted, then 
by measuring that of a known length, the length of wire used for 
any purpose may be nearly ascertained. 

(5) In winding up coils, &c., it is very desirable to ascertain the 
exact number of turns the wire makes : this may be done with a 
revolution counter, easily made up from such wheels as are used in 
gas-meter indices. This may be actuated either by an attachment 
direct to the end of the axis of revolution, or by an electro-magnet 
actuated at each revolution by an ordinary circuit closer. 

^6) With fine wires a constant test for continuity should be 
maintained. The beginning of the wire of the instrument should 
be connected to a metallic cylinder on the axis, against which a 
spring should press, as in (2) above. This spring and that of the 
wire reel are connected to a galvanometer and a battery: if a 
commutator is used, the current need not be continuous, but' a test 
current can be sent through at intervals, or on completing each 
layer. This affords also a check upon the insulation, as any acci- 
dental contact will reduce the resistance, which ought to increase 
continually as the wire is strained by winding. 

(7) All joints should be carefully made, stripping the wire, 
cleaning it, and tapering the ends, tinning them and carefully 
cleaning off any flux ; fine wires should then be carefully twisted 
together and soldered, which is best done by means of a piece of 
No. 10 copper wire in a handle. If the wire crosses a gas flame, the 
point beyond (being well tinned) will act as a convenient soldering- 
iron for very fine work. The joint should be carefully covered 
without increasing the size of the wire ; this may be effected by 
rubbing over the warmed wire a stick of cement made of gutta- 
percha and resin melted together. 
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443. Mesidal Coilb. — Theae depend on the same principles sa 
indnotive coils, but they toe made to give a current of comporatiTelj 
sm&ll force but of larger quantity. For this purpose the " extra " 
ctureDt of the primary itself ehonld be utilized, and stonter seoon- 
<Ury wires employed. A great varioty of arrangements are em- 
ployed, TOrtical tmd horizontal. Fig. 91 shows the most conrenient 
plan, in which a currant in one direction only (that of breaking 
circait) is given off. By means of tAia commutator which employs 
differMit lengths of wire, the energy can be varied, and the sliding 
tube over the core controls the force of the shock produced wit£ 
the greatest nicety. The action of this tube is, practically, to 
shortffli the core as for as it oovera it, so far as its indsctive re- 
actions are concerned, by enabling the induced cnrrent to farm in 
the tube itself instead of in the wire outside it The following 
particulars relate to a coil 6 in^es long in the core. 

On a mandrel about au inch diameter, slightly tapering, make a 
pasteboard tube of three or four thicknesses of brown paper, and 
form a reel by gluing on this two turned ends of 3 inches diametfir, 
leavii^ a space of ; inches between them, Thera shonld be a 
groove on the inner foces of the ends towards the edge which is to 
be secured on the stand (and which is there slightly flattened) for 
the wire ends to lay in. Lay on four continaons layers of No. 1 6 
cotton-covered wire, and bring ont several inches of the ends, calling 
the inner end i, and the outer end 2. To 2, just where it leaves 
the coil, join a length of No. 22 or 24 wire, which will commence 
the eecoi^ary; when four layers of this are placed, bring out the end, 
calling it No. 3, and joining to it, as before, a continuation of No. 
26 or 28, calling its enter end No. 4 ; to which, if desired, a farther 
I<uigtii (^ finer wire may be added. AU the wires may be cotton 
covered, and should he soaked with paraffin before or after laying. 




A brass tube, t, Fig. 91, is cut to slide freely within the central 
tnbe, and at one end a this piece of tnbe or metal is soldered within 
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it, to serre as a stop ; a bundle of soft wires is then packed witlim 
the tube, and a ring fitted upon its inner end to abut against that 
just described, and a handle, i, fitted to the tube itself at the same 
end ; the other end of the core is then passed through and secured to 
the farther end, &, by wedging and cement, and trimmed off smooth 
to work the break, 6, which is similar to that described §437. Fig. 
91 explains the connections ; + and — are the battery screws ; +is con- 
nected to the screw of the break, and the inner end of the primary, 
I, is connected to the spring, which is also connected to«— , one of 
the secondary binding screws ; the end 2 of the primary is eon- 
nected to — for the battery circuit, and also to the first stud of the 
commutator for the secondary circuit. The secondary wire is 
shown in stages and numbered ; it begins at 2, by being soldered to 
the end of the primary ; the ends of the various lengths, 3, 4, 5, are 
taken to successive studs of the co|nmutator, the eentral spring of 
which is connected to » + » The commutator takes up eitiier the 
" extra ** current from the primary, or that with the added efifeet of 
the lengths of secondary according to the stud on which the spring is 
placed. As arranged, that secondary binding screw will be -|- , which 
is on the same side as the primary screw connected to the + pole 
of the battery : the current taken up is in the same direction as 
that of the battery in the coil, therefore if the inner end of the wire 
is so connected as shown, the outer end is of course the + conduc- 
tor from the coil. The effect of this mode of connection is, that 
when contact is made, the battery offers a path of much lower re- 
sistance than the body ; therefore the current induced at making 
contact does not pass through the body, which, transmitting only 
the current of breaking circuity is subjected only to the infiuence 
of a current in one direction, which is considered of great import- 
ance in some cases. 

444. Elbotbio Bells. — These domestic conveniences are very 
simple and easily made and fitted up. The bell arrangement con- 
sists of an ordinary dock bell, or a spiral of steel wire screwed on 
a stand, with a clapper spring on which there is an armature which 
is attracted by an electro-magnet, so that each passage of current 
strikes one blow. If preferred, an arrangement similar to the break 
of a coil (§ 43 7) may be used, which will give a succession of blows 
as long as the circuit is closed : a small magnet of quarter-inch 
iron bent to a horseshoe of 2 inches is sufficient. The size of wire 
depends on the battery power used and on the distance of the bell 
from the points of contact. If this latter is great, fine wire must be 
used, such as 26 or 28, but usually 22 is suitable. The most con- 
venient battery is the manganese, of which three or four in series 
will generally suffice. The contact is closed by a spring which is 
pressed down on a stud, the faces in contact bemg armed with pla- 
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tinam. These '* pnshes," as they are called, can be readily obtained, 
got up in varionB styles of ornamentation. 

The wires should not be too fine, not less than i8 : two are re- 
quired, but only one need be insulated, though it is better for both 
to be. Guttapercha-covered wire is often used, but this perishes by 
action of the air. Cotton-covered wire thoroughly dried and soaked 
in a hot mixture of four parts paraffin, one or two parts beeswax, 
and one part boiled linseed oil, and then dusted over with whiting, 
will usually answer perfectly. When several bells are in use, each 
requires a wire to make its circuit, but a single return wire will 
serve for all. 

For a signal on a door opening there are a variety of modes of 
making contact : the simplest is a quadrant of metal above the door, 
with a spring pressing on it attached to the door, and an insulating 
piece to cover the metal of the quadrant and break circuit, except 
when the door has opened. A similar fitting to a window consists 
of a slip of metal on the side frame and a spring on the sash. 

44$. Alarms, — These may be so arranged that while a bell on 
eacn acts as just described, a complete general circuit shall also 
actuate a bell in one spot to indicate whenever any one of the points 
to be guarded is either opened or not secured. This latter is 
effected by a contact at each spot adapted to each place, and may 
be made either by pushing a bolt or hooking on a flexible wire at 
each part, the circuit being continued through all. In this case a 
current must be kept constantly passing, and its stoppage actuates 
the alarm. It is wise, therefore, to use a " relay," that is, a small but 
powerfol electro-magnet of fine wire, which does not itself actuate 
the alarm, but closes a " local circuit," that is to say, a separate 
battery and bell ; by this means a very small current may be made 
to serve. With a house so fitted, the security of the house is tested 
by the master on retiring, by having a commutator in his bed- 
room, which makes the final contact to the battery of the two cir- 
cuits, when the arm of the relay will be at once moved and the 
local circuit broken if all the contacts are properly secured, and if 
not, the particular bell of that door, window, or room, if such are 
provided, will indicate the neglected point. 

446. The Eleotbio Telbobaph. — This subject it is not neces- 
sary to go into at all, as it is cursorily sketched in every work on 
electricity, and practical knowledge can be given only by the 
technical works. It is essentially an application of principles 
f ally explained throughout this work, and resolves itself into three 
distinct systems. 

(i) Indicatory, such as that of the needle instruments, which are 
to all intents simply galvanometers. 

(2) Becording or Mechanical. — Such are the Morse and the print- 
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ing syBtems, as well as those alphabetical mstrmxients which do 
not record, but make a temporary indication. All these are 
actuated by electro-magnets working or releasing clockwork* Some 
of these also work by sound, the taps of the electro-magnet answer- 
ing to the contacts made. 

(x) Chemical. — These work by electrolysis, producing coloured 
marks when current is passed to the electrodes, one of which is 
a reyolving cylinder, the other a point, a sheet of paper moistened 
with the electrolyte being interposed and drawn between the 
cylinder and the style. 

The telegraph system is, therefore, simply the effecting of com- 
mon electric actions at a distance, and is wholly a matter of 
resistances, and delicacy of instruments fitted to work with small 
currents. 

447. Duplex Telegraphy. — This, the causing two messages to be 
transmitted by one wire in opposite directions at the same time, is 
a refinement only very recently practically effected, though the 
principles have been known for years. It depends upon a very 
careful balancing of resistances: the currents do not pass each 
other at all, but if signals are sent simultaneously, the effect is 
that the receiying instruments are really worked by the batteries 
of their own station, not by that of the sending station. 

The instrument is essentially an electro-magnet wound ^th two 
wires exactly as a differential galvanometer, § 182, p. 135, and 
acting upon the same principles. In one circuit is connected the 
line wire, and to the other a resistance equal to that of the line. 
Currents sent into this instrument from its own end will therefore 
not actuate it, as they divide into two equal parts ; but a current 
entering by the line will actuate it, for (i) the station itself is noi 
sending a current, then the line current passes through one circuit to 
the junction and back through the other, through a double resistance, 
but with double power, and so works the instrument in the usual way. 
(2) The receiving station is also sending, then according to the 
direction of the currents, one of the two circuits contains an addi- 
tional or an opposing electromotive force, and thus an extra portion 
of the current enters one of the circuits and thus actuates its own 
instrument. The two instruments at opposite ends of the line 
being alike, and the resistances properly balanced, it will be 
seen that the operator at A station always sends his signals into 
his own instrument, but these do not affect it unless B is also. 
sending signals into it, and therefore each operator only sees upon 
his instrument the result of the signals transmitted by the o^er 
operator, although they may be actually produced by his own 
battery set in motion by himself. In the case of submarine cables, 
there is, besides the line-resistance, the temporary and vanishing 
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resistance dud to ^ Charge/' § ^95, p. 326, and to work on the 
duplex system a similar condition most be produced in the 
secondary or home circuit. This is effected by using, with the re- 
sistance equal to that of the line, condensers equivalent to the 
charge the cable is capable of taking up. 

448. Edison's Motoobaph. — This is the latest new idea or 
discovery in electrical actions, and it would appear to be likely to 
lead to many developments. The following is Mr, Edison's own 
description : 

<* In my new system of telegraphy it wonld seem that power was obtained, or 
that electricity had been passed into a new mode of motion, as with magnetism ; 
bnt this is only apparent, not real, if I understand it aright. 

*' The electricity acting by electrolysis changes the nature of the surface of the 
paper, either by depriving it of some constituent, or the hydrogen in conjunction 
with the metal and paper form substitution compounds, the surfaces of which are 
smoother than the paper in its natural state, in the manner that the surface of 
rough paper is made smooth by dipping it into sulphuric acid. The strangest 
thing connected with the phenomenon, however, is this : 

" In trying to ascertain what caused the lever to move, whether it was reducing 
the lead by hydrogen to a finely-divided powder that acted as a lubricant, or 
whether the nature of the surface of the lead were changed by the absorption of 
hydrogen, like palladium, or whether the effect were due to the effoit of the gases 
to escape from under the lever, I was*led away from these notions by finding that 
platinum with sulphate of quinine will likewise show the movement. It then 
struck me that the nature of the paper was changed by the electrolysis. To test 
this I had a long message received over the automatic telegraph wire from Wash- 
ington (this wire runs in my laboratory at Newark), and recording the same on 
ordinary chemically-prepared paper. The speed with which the message was sent 
from Washington was 8cx3 words per minute, and the colourations forming the dots 
and dashes were rather faint. I then passed the strip into the electromotograph 
(I use this name for want of a better one), the colourations being in a direct line 
with the lead point. On rotation of the drum, and when no colouration was under 
the point, the lever was carried forward by the normal friction of the paper. But 
the moment a colouration passed under it the lead point slid upon the paper as 
upon ice, the friction was greatly reduced, and the lever moved in an opposite 
direction to the rotating drum. 

' " In this experiment no battery was connected to the instrument. This proves 
that electrolysis produces a change in the nature of the paper. 

^' I afterwards found that if a tin pen were used to receive a message from 
Washington, although no marks were seen, the paper appearing unchanged, yet on 
passing the paper through the instrument the movement of the lever was more 
marked than before. Keceiving the message with a lead pen did not give so good 
results, although lead is the best when used, standing at the head of the twelve 
metals tried. The next is thallium. On paper moistened with aqueous solution 
of pyrogallic acid, tin is as good as thallium. Of all solutions yet tested, potassic 
hydrate has been found to give the most marked results; the second best i» 
..sulphate of quinine; third, rosaniline, oxidized and discoloured by nitrous acid. 

^ A peculiarity of the quinine solution is that platinum shows an action, and 
shows it when either oxygen or hydrogen is evolved on its surface. With hydrogen 
the friction is lessened as with all other metals, but with oxygen the friction is 
increased. This is so with all the metals subject to oxidation ; but it appeared 
strange at first, that it would show with a metal upon which the nascent gases had 
no effect. 
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''With a lead point and a Bolntion of the disinfectant known as' bromo- 
chloralum, the evolution of hydrogen increases the friction of the paper enormoosly. 

'* Silver seldom shows a movement with any solution, and when it does it is 
very weak. 

** Sulphuric acid shows less movement with any metal. 

** It appears to be a matter of indifference as to the character of the metal nse<L 
for the drum which acts as one of the decomposing electrodes. Considering that 
the lever will close a secondary circuit under the great pressure used upon the 
lever, its sensitiveness to electricity is wonderful. With a delicately-constructed 
machine, moved by clockwork, which I have nearly finished, I have succeeded in 
obtaining a movement of the lever sufficient to close the local circuit with a cur- 
rent (through 1,000,000 ohms, equal to 100,000 miles of telegraph wire) which 
was insufficient to discolour paper moistened with potassic iodide, or move an 
ordinary galvanometer needle. Messages may be read from the sound of the lever, 
when the most delicate telegraph magnet shows no current. 

'* The uses of the instrument are many ; in fact, it gives an entire new system of 
telegraphy. 

" As no secondary cuiTentd are generated as with an electro-magnet to prevent 
the instant magnetization or demagnetization of the iron cores, it is obvious that 
the lever will respond to signals transmitted with great rapidity. I have suc- 
ceeded in transferring signals from one circuit to another at the i*ate of 650 words 
per minute ; hence it may be used to repeat the rapid signals of the automatic 
telegraph into secondary circuits. By attaching an ink wheel to the extremity 
of the lever, opposite a continuous strip of paper moved by clockwork, messages 
transmitted at a speed of several hundred words per minute may be recorded in 
ink. By attaching a local circuit to the repeating points, and adding thereto a 
sounder, it may be used as a Morse relay to work the long lines of telegraph." 

It will be seen that this system enables motion and sound to be 
prodnced at a distance withoat the aid of electro-magnets or of any 
mechanism to be actuated by the current itself, as the motion of 
the drum is produced by mechanical means at the receiving 
station. The instrument was shown at work at the Conversazione 
of the Society of Telegraphic Engineers, on the 2nd December, 
1874, and excited much interest. 

449. Automatic Tbansuittebs. — There have been many forms 
of these patented, but all are modifications of that first intro- 
duced by Bain to work his chemical receiving instrument, 
which is the basis of the '^ motograph.** In principle the trans- 
mitter and receiver are the same. In each a revolving drum or 
cylinder rotates under a metallic style ; in the receiver these are 
separated and yet electrically connected by a paper moistened 
with an electrolyte which permits currents to pass, and by the 
change of colour produced records the time during which current 
passes, and in this manner effects signals. In the transmitter 
a strip or sheet of paper is interposed, which is perforated at 
the proper times to permit the point to touch the cylinder, and 
allow the current to pass : thus the marks on the receiving 
paper correspond to those perforated in the transmitting paper. 
But by the same means any kind of receiving instrument can 
be worked, as all transmitting instruments depend upon the 
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making and breaking contact in one or more circuits for different 
graduated intervals, and the paper can be arranged to effect this 
mechanically. In other cases a sheet of metal is used, either as a 
cylinder or in a flat form, and is written upon with an insulating 
Tarnish. The style traversing over this sheet in a succession of 
close lines produces upon a paper at the other end, moved with 
the same velocity, marks which reproduce the original writing or 
drawing. 

The advantage of mechanical transmission is that while the pre- 
paration of the message takes, of course, much longer than the 
direct process, many such messages may be preparing at the same 
time. But the actual transmission along the wire is limited only 
by the capacity of the receiving apparatus to record the signals, 
Bo that one wire and set of receiving instruments will do the 
work of many worked by hand. 

Similar apparatus has been devised to actuate musical instru- 
ments, and, with more success, to record on a moving paper the 
notes produced by a performer. 

450. Elbotbio Oboan. — In this the access of air to the several 
pipes or reeds is controlled by an electro-magnet attached to each, 
instead of by rods and levers actuated by the pressure on the keys. 
The keys themselves have no mechanical work to do ; they are 
simply '* breaks,'* and act by closing the circuit of a wire from each 
key to its corresponding electro-magnet. The work of the per- 
former is therefore far less laborious, and his touch much lightened, 
while the keyboard not forming a mechanical part of the instru- 
ment, it can be placed in any convenient spot, or, in fact, at any 
distance whatever from the music-producing instrument. 

If a chemical receiving instrument is arranged with a style and 
connecting wire for each key and stop of an organ, <&c., and a broad 
strip of suitable paper passes under them, when the key is pressed 
down a mark is produced, which thus records exactly the kind and 
duration of every musical note produced. The keys of a piano- 
forte, and indeed of most instruments, can be similarly fitted so 
as to record, exactly as produced, the musical thoughts or experi- 
ments of the composer, or to exhibit to a teacher, if required, the 
progress and work of a pupil while practising. 
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CHAPTER XIII. 

DiOTIONABT OF TeBHS. 

Tsi8 cliapier is iniended to supply concise definitions of terms for 
occasional reference or to recall their fall explanation to the mind, 
but in some cases information is given on sabjects not noticed in 
the other parts of the book. 

Amalgamation. — Zinc is protected from waste by having its 
surface coated with mercury. For the process with zinc, see p. 87. 

Akion. — The electro-negative or chlorous radical of the salt or 
Qcid decomposed. Oiygen, acid radicals as chlorine are anions 
(see Ions). 

Anodb. — The positive electrode or pole of a battery ; the wire or 
plate connected to the copper or other negative element of the 
battery ; the plate which leads the -f current into a solution to be 
decomposed, and at which are set free the oxygen, acid radicals, 
and all •^ ions (anions). In electro-metallurgy it is usually formed 
of the metal to be deposited, in which case it is called the soluble 
anode or pole. 

AVoM. — The supposed ultimate particle of the elements, p. 2. 

There is still much confusion as to the terms atom and equiva- 
lent, which were formerly used for the same purpose, but modem 
chemistry attaches a distinct idea to the atom, which correlates it, 
not only to chemical affinity, but to heat and other forces. 

Atomic Wkioht. — The relative weights of the atoms as compared 
with that of hydrogen taken as i. At p. 212 is a table of the 
atomic weights and other particulars of the elements most im- 
portant in electricity. 

Bask. — See Radical. 

Battbbt. — ^A combination of voltaic cells. The word is com- 
monly — ^bnt erroneously — ^used for a single cell (e.g. Smee's 
battery), but it strictly means two or more cells coupled together 
in series. For the laws regulating the combination, see Electro- 
motive Force, Resistance, Current, Cell. For full description of 
the different forms, see Chapter IV., p. 77. 

BfiXAK. — See Commutator, 
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Bbidoe. — ^Wlieatstone's* An apparatus for measuring resistances 
by balancing the unknown E against one known and capable of 
regulation, p. i68. 

Calobimeteb. — Instruments for measuring beat produced; for 
electrical uses, they are in fact simple thermometers, as described 
p. 142 ; but for the measuring the heat produced in chemical actions, 
4&C., yery elaborate instruments are made, as described in treatises 
on Heat. 

Cathode. — The negative pole of a battery; the wire or plate 
connected to the zinc ; the plate at which, in any decomposition 
cell, the cations or + ions are set free. In electro-metallurgy, the 
object upon which the deposit is to be formed is the cathode. 

Cation. — Electro-positive elements and radicals, which are set 
free in electrolysis at the cathode. Hydrogen and metals in the 
order of the electro series are cations (see Ions). 

Cell. — Each separate vessel in which a chemical action occurs, 
forming part of the electric circuit. Thus there are the active or 
generating cells — i. e. those which form the battery, and the de- 
composition cells, and these last may be of two classes : (i) Passive 
or mere resistances, such are those employed in electro-metallurgy 
where the metal is dissolved from the anode, and simply transferred 
to the cathode; (2) where chemical force is exerted and absorbed 
in effecting true decomposition, as in the voltameter. 

Chemio. — See Units of Current. 

Chlobous. — Pole, a term sometimes used for the negative pole 
or cathode. Chlorous radical is that radical of a salt or acid which 
answers to chlorine in HCl — that is, it is the acid radical or electro- 
negative element or anion. 

CiBOtJiT. — ^The path along which the current travels, or in which 
electric tension is set up. 

Conductive circuits are those through which current passes, and 
are composed wholly of conducting materials. 

Inductive circuits apply to static electricity, and are partly 
composed of insulating materials, as air or condensers. 

We may conceive a conductive circuit as represented by an 
endless chain driven by a dnun to which force is applied (this 
representing the generator); such a chain will drive any machinery 
to which it is connected, as the current does work. The inductive 
circuit resembles more a single chain acting on a spring, like a bell 
vnre, so that only single impulses can be given, and on release the 
spring restores the energy. 

Derived circuits are a division of the path in two or more parallel 
branches. 

Commutatob. — Break, contact breaker, and circuit changer. 
They are of many forms, according to the purpose required; a 
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simple spring pressing on a point serves for a mere break or 
interrupter of the current, but the arrangement is often compli- 
cated when it is necessary to provide several di£ferent circuits for 
the current. 

CoNDUOTiviTT. — The degree of power to permit current to pass ; 
it is the opposite of <' Besistance," which see. 

GoNDUOTORS. — ^Substances which permit electricity to pass. It 
used to be thought that substances were of two cQstinct classes, 
conductors and insulators ; but it is now known that it is only a 
question of degree of resistance. Silver is the best conductor, tiben 
other pure metals, then alloys ; solutions of electrolytes follow, but 
at a long interval. Current passes through conductors in the ratio 
of their sectional area, and the inverse ratio of their length. 

CoNNEOTioNS. — Wires, &c., completing the circuit between dif- 
ferent apparatus ; they should be su£&ciently large, and of copper, 
so as to give little resistance. There is often much trouble caused 
by the stiffness of stout wires, it is, therefore, well to form a spiral 
upon each connection, so as to give a little elasticity. The best 
connections, however, are made of wire cord, such as is made for 
window sash-line, or by twisting up fine copper wire into a cord ; 
lengths suited to various purposes should be cut, and to the ends 
should be soldered pieces of No. 1 2 copper wire, of a couple of 
inches long, for insertion in binding screws. If these ends are 
well silvered or gilt, much trouble in cleaning will be saved. 
Annoyance from accidental contacts, &o., is also . avoided by 
covering these conductors with narrow tape plaited on, and soaking 
with boiled oil. 

Current, — This word is used in many ways. The electric 
current means the supposed flow or passage of electricity or 
electrical force in the Erection from 4- to — or positive to nega- 
tive. It, therefore, originates at the zinc surface in contact with 
the solution, and passes from the zinc to the copper or other 
negative metal in the liquid of the battery, but from the negative 
metal to the zinc in the external circuit (see Positive and Negatived 
Current also means, scientifically, the measured work done chemi- 
cally, or what was formerly called " Quantity " (which see, also 
Intensity of Current). For the laws governing this, see Ohm's 
Laws and Units. 

In electro-metallurgy an important consideration is the density 
of the current — that is, the relation of the actual or total current 
passing, to the surface or area of the anode and cathode. It is the 
current or quantity alone, and entirely irrespective of the force 
developing the current (i. e. intensity in the older books), which 
affects the amount of work done chemically, or which is measured 
either by the galvanometer or the voltameter. The electromotive 
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force or tension (or intensity) is concerned only in producing the 
current against the special resistance in each case (see Tension). 

Dbnsitt. — See Current, 

Electrodes. — Faraday's term for the poles or plates leading 
the current into and out of a cell. (See Poles, Anode, and 
Cathode.) 

Elsotroltsis. — The act of decomposition hy an electric current. 

Sec<mdary electrolysis is a decomposition supposed to be effected 
by the chemical action of the substance really set free by the 
current (see Nascent). For explanation of this action, see p. 256. 

Eleotrolttes. — Bodies capable of being decomposed by an 
electric current. They must be composed of (or rather be capable 
of breaking up into) two radicals (see Ions) ; therefore, substances 
which contain three or more radicals are not electrolytes. 

Electrometer. — Instrument for measuring electro-static charge, 
or tension. 

Elegtromotiye Force. — The tendency to develop electric ten- 
sion ; in ordinary galvanic batteries the electromotive force is set 
up by the attraction of zinc for an acid radical; its degree 
depends upon the force and number of such chemical affinities in 
the circuit, and inasmuch as there are also opposing affinities 
tending to develop electromotive force in the opposite direction, 
the actual force depends upon the excess of the total affinities in 
the direction of the current, over those in the opposite direction. 

Electromotive force may be either continuous or intermittent. 
Gralvanic batteries and frictional machines set up a continuous 
E M F, which may be compared to gravity in its actions and laws. 

Revolving magnets, charged condensers, the secondary wires of 
induction coils, set up a variable E M F, which may be com- 
pared to the energy of impulses and with the laws of projectiles. , 
Such intermittent forces require a different mode of consideration 
and of measurement from those of a constant E M F, although the 
same fundamental principles apply to both. 

Elements. — The ultimate substances into which all the bodies 
we know can be resolved, and which, themselves, have not been 
resolved into any simpler bodies. There are 63 elements known, 
and two or three more suspected. They are assumed to exist in 
the form of atomSf and further information will be found under 
that head and imder Equivalents. 

Endosmose. — The power possessed by liquids and gases of dif- 
fusing into each other when separated by a partition or septum of 
ftnimftl membrane or unglazed earthenware. Electric endosmose 
is this action, greatly heightened by the passage of an electric cur- 
rent, which will frequently raise the liquid on one side of the 
partition several inches above the other. The laws ascertained by 
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Weidemaim are (i) tlie c^oantity of liquid which flows out in equal 
times is directly proportional to the strength of the current; (2) 
the quantities flowing out are (all other conditions being equal) 
independent of the size of the porous substance ; (3) the height to 
whidi a galvanic current causes a liquid to rise is directly pro- 
portional to the extent of the porous surface ; (4) the force with 
which an electric tension present on both sides of a porous division, 
or in a liquid, urges the liquid from the positive to the negative 
side of the partition, is equivalent to a pressure proportional to that 
tension. 

The action is very troublesome in bbtteries, in which the liquid 
in the zinc or positive cell is transferred to the negative cell* 
Ordinary endosmose at the same time transfers the liquid of the 
negative cell to the zinc, causing local action, as when the copper 
solution of the Daniell cell enters the porous vesseL 

Equivalents. — All chemical actions take place in a definite ratio, 
which is explained by the atomic theory as due to the combination 
of I, 2, or more atoms of one substance or element, with i, 2, or 
more atoms of others. Each element has its own equivalent weight, 
as compared with hydrogen, as i. There is much confusion of 
ideas, due to the change of modem chemistry from the old system 
of stating reactions in equivalents to the modem system of stating 
them in atoma. Table XIIL, p. 212, gives a list of the equivalents. 
The relation of electricity to these equivalents is such, that in a 
chain or circuit composed of any variety of compounds of two of 
these bodies (which are, in fact, elements, radicals, and ions), the 
same current would release from combination the relative weight 
set against each substance. The weights themselves are relative 
or abstract, but in this work they are taken as '' grains," for the 
purpose of getting a definite electric measure of current and work. 

Equivolt. — A unit devised by the author to connect together 
tension and quantity. It is the force engaged in effecting i equi* 
valent of chemical action in a circuit of i ohm resistance, and 
under i^the volt electromotive force. It is described § 258, p. 217. 
Its mechanical equivalent is 4673 foot-pounds. This unit, when 
thoroughly comprehended, will greatly aid in understanding elec- 
tricity, and the doctrine of the correlation of forces. 

Oalvanometeb. — An instrument for measuring '^ current " by its 
magnetic ' effects in deflecting a magnetic needle. They are not 
comparable among themselves unless graduated for the purpose. 
The tangent and sine galvanometers are proportional, so that 
knowing the value of any one deflection that of all others may be 
calculated. The Patent Universal Gkdvanometer, p. 133, shows on 
its dial the current passing or work doing, and the resistance of 
the circuit, in definite units. 
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Induotion. — ^This is the name giyen to effects produced ontfidde 
of the body exerting a force or out of the circuit to which the force 
is directly applied. Thus a magnet induces magnetism in neigh- 
bouring magnetic substances, and then attracts them. 

A static charged surfSsu^ is said to induce an opposite electric 
charge upon sud^EUies presented to it ; as to which see p. 29. 

A current in a wire induces currents in other conductors parallel 
to it (see Secondary). 

Insttlatobs.— Bodies possessing high resistance; all, however, 
allow some current to escape or ratiLer ^^ charge," to be lost as 
current. They are called "electrics," because friction develops 
electric excitement in them. Ebonite is the highest "non-con- 
ductor;" paraffin, sulphur, and glass follow. A full list is given 
p. 14. Telegraphic insulators are the porcelain cups, &c., to 
which the wires are secured, and which prevent eleciaric com- 
munication being formed between the wires and the earth through 
the posts. 

Intensttt. — ^The old term for the properties now described as 
electromotive force and tension. Batteries were said to be arranged 
for intensity when the cells were coupled together in series. The 
term leads to such confusion that it is best abandoned altogether. 

'Intensity of Current. — A term adopted from the French intensitS 
de courant. It means " quantity ; " and the best writers now use 
the simple word " current," to avoid the confusion of these con- 
flicting terms. 

Ions. — Faraday's term for the two parts into which an electro- 
lyte breaks up ; they may be regarded as " radicals," and may be 
either single atoms of elements, doubled atoms which still act as 
one chemically, or they may be compound radicals, like cyanogen, 
ammonium, and the radicals of acids. They are of two classes, 
named from the electrode at which they appear ; but it must be 
remembered that the same radical may be an anion at one time and 
a cation at another, according as it is united with a radical more or 
less high in the order of affinity (see Anions and Cations). 

Measurement. — See Units. 

Molecule.— The ultimate particles of free or complete sub- 
stances. Modem chemistry draws a strong distinction between 
atoms, equivalents, and molecules, terms as to which there was 
formerly much confusion. The true meaning is fully explained, 
pp. 5-8. 

Nasoent. — It is found that substances have a much greater 
chemical force at the instant in which they are being set free from 
combination than when they are free bodies. They are then called 
** nascent." Most of the processes of electro-metallurgy are usually 
considered to be effected by secondary electrolysis, through this 

2 B 
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action of nascent hydrogen. This special energy is snppcfied to 
be owing to substances (or radicals) being then in the atomic 
instead of the molecular condition, and therefore haying all their 
chemical energy or attractions eng^ed in seeking a combination. 
It is commonly the case, also, that a radical cannot be set free at 
all, unless in the presence of some other bodies with which it 
is capable of uniting. 

NsoATiyB. — In the battery, the copper, carbon, or platinum plata 

Negative Ions. — Oxygen and acid or chlorous radicals. 

Negative Pole. — Cathode, platinode. 

Notation. — The mode of expressing chemical substances and 
reactions by their symbols. There are many modes of expressing 
the same things in different formukd according to the speciid 
theory of constitution adopted, or the particular view of the 
matt^ intended to be described; and there are two distinct 
systems in use : the atomic or new notation, and the old equivalent 
notation. 

There are also many ways of writing formulsB. That used in 
these pages is the simplest known, being based upon the binary 
theory of salts, and showing every atom in a reaction by its distinct 
symbol. 

Some fimcifdl formulsB have been used lately, for the purpose of 
expressing particular theories of the constitution of substances. 
The most prominent is Frankland's, based on the hydroxyl theory. 
It is exceedingly puzzling, as it does not show real atoms, but the 
supposed compound radicals of the theory, .and as Ho and Cuo 
mean something different from the usual HO and GuO, it is rarely 
written, and never printed correctly throughout. 

Ohm. — The unit of resistance, called the British Association 
unit (see Units). 

Oech's Laws. — These formulsB, devised by Ohm, enable us to 
calculate from certain data all the information we require. The 
symbols should represent fixed units (see Units) to obtain definite 
results. Otherwise they are merely comparative. 

E stands for electromotive force, E for resistance, C for current. 
Any two of these being known we can calculate the third ; thus 
knowing the force of the batteries to be used, and the resistance of 
a circuit, we can calculate the current generated, and therefore the 
amount of work to be effected under any given conditions. 

Current = 15 

^ -i 

Electromotive Force E = C x B 
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In these formnlffi the symbols represent the total forces and 
resistances of the circnit, which are ascertained from their several 
component parts. 

Pabaftin. — This valuable substance is obtained from cannel 
coal by distillation. Another form of the substance is called 
Ozokerit, or earth wax. Its name (without af^ty) describes its 
value, for it is scarcely acted on by any of the chemical agencies, 
acids, alkalies, &c. ; it is also one of the best of insulating sub- 
stances, and resistants of moisture. 

If the stoppers and necks of bottles are warmed and rubbed 
with a piece of parafi&n they will never set fast, nor will the 
chemicals act upon the ground glass, while the most volatile 
substances are perfectly secured. Labels also may be preserved 
from damp and acid fumes by warming them, after they are fixed 
and dried, till they will just melt and absorb a little paraffin 
when rubbed on them. 

Whenever it is applied for electrical purposes to paper, wood, 
or insulated wire, the material should be baked perfectly dry first, 
and treated while hot. It has been said that copper wire is acted 
upon after a time, but it would appear that this is due to imperfect 
Cleaning from the acids used in preparing the paraffin. This may 
be remedied by melting and stirring up with boiling water and 
then allowing it to cool, repeating the process with two or three 
waters. Pure white paraffin only shoidd be used. For candle 
making it is often mixed with stearine, &c., which imfits it for 
electrical uses. 

Platinode. — Daniell's term for the cathode, or that plate in any 
cell which does not dissolve. 

Polarization. — The act of arranging the substances which form 
an electric circuit in a polar order or chain of + and — radicals, 
presented towards and reacting on each other. It resembles the 
arrangement which takes place in a number of magnetic needles 
which arrange themselves in an order of NS, NS. 

PolarizcUion of Plates, — This very confusing and absurd term is 
applied to an action which occurs whenever the current passes 
from liquid to solid conductors : there forms on the surface of the 
latter a film different from the liquid, by which there is not only a 
greater resistance introduced, but an electromotive force is 
generated, opposing that of the current, so that if suddenly con- 
nected to a galvanometer, and the main circuit broken, a reverse 
current will be maintained for some time. On this principle are 
constructed, for some purposes, what are called '* Secondary 
Batteries" (see p. 252). 

Poles. — The wires, plates, &c., leading from the battery ; their 
name is the opposite of that of the plate they lead from ; thus the 

2 B 2 
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zinc is the pofiitive metal, plate, or element of the batteiy, bat the 
wire leading from the zinc is the negative pole. 

PoBinyB. — In the batteiy, the zinc plate ; in a decomposition 
cell, the anode. 

Ptmtive Pole; +, the anode, the zincode, bj which the cnirent 
enters another celL 

Poniive Ions; hydrogen, metals, and basic radicals. 

PoTSMTiAL. — A mathematical term much misunderstood and mis- 
applied (see § 205, p. 154). 

The Potential of a battery means its electromotiye force. 

The Potential of any point nsually means its tension above or 
below "earth" or "zero." Sir Wm. Thomson's definition of 
Potential is, " The Potential for any point A in space is a qnan* 
tity depending on the position and electrical state of all bodies 
which act at the point A, for the present confined to all electrified 
bodies in its neighbonrhood, and snch that the difference between 
the values of the potential at the point A, and the potential at any 
other point B, is a measure of the tendency of electricity to flow 
from A to B, or tfice versd, supposing A and B connected by a small 
conducting wire. It follows from this that, when there is equi- 
librium, the potential at every point of an electrified insulating 
conducting body, including every other insulated conducting body 
connected with the first by wires or other conductors, is the same, 
and may be measured by connecting, by a conducting wire, any 
part of the conducting body with any insulated electrometer of 
sufficient delicacy." 

QuANTiTT. — ^A term based on the idea that electricity is an 
actually existing element having quantitative relations to chemical 
actions similar to the atomic weights of the material elements. 
The definition applicable to existing ideas of the nature of elec- 
tricity will be found under " Current." 

Badioals. — Either elementary atoms, or ^mpound bodies which 
act like atoms, retaining their completeness and individualitj 
through a series of chemical changes. It is considered that the 
acids are formed of such radicals whose attractions are satisfied 
by hydrogen, while salts are the same radicals satisfied by metals 
or compound basylous radicals. These radicals are the ions of the 
theory of electrolysis. 

BxDUOED Lbnoth. — ^A term sometimes used to express a ro* 
sistance in the terms of its equivalent length of wire or resistance. 
Besistanos. — The opposition presented by the circuit to the 
development of the current; it is an inherent property of every 
substance, varying in degree in each substance, from silver, the 
best conductor, up to guttapercha and the other so-called non- 
conductors. Whatever the special substance however, its actual 
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resistance may be expressed in any common nnit ; thns we may 
describe the resistance of a decomposition cell as equal to so many 
feet of a given wira The nnit of resistance now generally 
employed is the ohm. 

Besistanoe requires to be considered in the various sections of 
the circuit as " internal/' that of the battery itself; and ^ external," 
that of the work to be done, the conductors leading to it, and any 
measuring apparatus employed. 

Besistance, when it is not work in some form, always converts 
the energy of the current into heat (see ' Ohm's Laws and Units '). 

Bbtabdation. — A term applied to the inductive action which 
reduces the rate of signalling in submarine cables. A signal to be 
transmitted requires a current at the receiving end adequate to the 
mechanical work to be performed in the instruments. The amount 
of that current is measured by the well-known Ohm's formula. 
But that current is not obtained in the receiving instrument at the 
instant of making contact at the transmitting end. A charge has 
to be given equivalent to the inductive capacity of the cable, and 
this diarge acts as a resistance, great at fbrst, but gradually 
diminishing to nothing. During this process the current at the 
receiving end increases as the momentary value of this inductive 
resistance diminishes, till it reaches the amount due to the ordi- 
nary wire resistance of the circuit. 

Bheostat. — ^A measure of resistance. The name is usually given 

Secondabt WntB, in coils, is the long and fine outer wire in 
to Wheatstone's instrument, p. 1^7. 

Sboondabt. — An action or a circuit depending on another. 

Secondabt Action. — See Electrolysis. 

Secondabt Battbbt. — See Polarization of Plates, 
which the induced current is set up by the magnetic reaction of 
the core. 

Tension. — ^The strain put upon the circuit by the electromotive 
force ; it may be regarded as a single amount, or as + and — equal 
in opposite directions from the source. At the source it is equal 
to the electromotive force ; calling this lOo, it falls throughout the 
circuit in exact proportion to the resistance ; it is, in &Gt, used up 
in passing the current against the resistance ; the effect of tension 
is explained, p. 164. 

Units. — The various bases of any system of measurement. 

The Absolute are based upon the units of mass, length, and time, 
I gramme, i metre, and i second ; the fundamental unit is that 
force which can generate a velocity of one metre per second; 
gravity being a force of 9*811 such units (or 32 * 2 ft. per second). 
For practical use larger units have been devised by the British 
Association, viz. : 
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BUeetromotive Force and Tenswn, — The volt ^ i9^ or 100,000 
absolute units. The Darnell's oeU, that is, the chemical affinity of 
zinc displacing copper from its nnion with snlphnric radical, is 
I *079 volts; and therefore, for rough purposes, may be taken as 
a Tolt. 

Resistance, the ohm = 10^ or 10,000,000 absolute units; ohm 
measures made of GermanHE^ilver wire can be obtained of scientific 
instrument-makers, and from them instruments for measuring 
resistances can be made as described, pp. 158 and i']i. 

Current. — The veber, — . = lo""" or • 01 'absolute unit per second. 

10' ^ 

1 veber decomposes * 00 142 grain of water. 

Hie Chemic, — The unit of current is much more conveniently 
based upon an equivalent of chemical action, or quantitative resnlt, 
and the unit used in this work is a current effecting one equivalent 
of chemical action (in grains) per ten hours. A current of i veber 
per second is equal to 5 * 68 of these units, therefore in any calcula- 
tions (see ' Ohm's Laws') the unit of electromotive force (the vdt) 
would have to be multiplied by 5 * 68 to give the result in chemical 
units, and a force calciQated from these units would be divided by 
5 * 68 to express it in volts. This unit I call a '' chemic." A 
chemic, therefore, is a rate of current which in a second is equal to 
* 1 7606 of a veber, and would in ten hours deposit or set free i 
equivalent in grains of any element or ion. 

Current and Energy. — See Equivolt. 

YsBBB. — See Units of Current. 

Volt. — The unit of electromotive force and tension (see Units). 

YoLTAMBTEB. — An apparatus for measuring the current by its 
chemical action ; the term is usually limited to a vessel provided 
with two platinum poles for the decomposition of dilute acid, and 
with tubes for collecting and measuring the gases given off. 

ZiNCODE. — Daniell's term for the anode. 
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A. 

Absolutb Qsee Units), 149. 

Acid, batt^ eolntiqa, work of, 89. 

Adherence, to Becuro, 269. 

C-, to prevent, 273, 279. 

Affinity, chemical (see Electromotiye 
force), 84. 

, elective, true meaning of, 214. 

, not sfUBpended by electrolysis, 253. 

, probable cause of, 78. 

Air, as oxidant in cells, 116. 

, mm of, effects of, 269. 

Alarms, electric, 359. 

Allotropy, 5, 246. 

Alloys and heat (see Besistanoe), 143. 

, conductivity of, 176. 

, depositing, 309. 

-, principles of, 311. 
-, solutions for, 308. 

Alum, chrome, formed in battery, 107. 

Aluminum, depositing, 308. 

Amalgam for machines, 36. 

Amalgamating zinc, 87. 

surfaces for plating, 271. 

Ammonia, generated in electrolysis, 
256. 

not a radical, 242. 

Ammonium, chloride, danger in electro- 
lyzing, 256. 

, forms double salts with zinc, 

114. 

Ampere's theory (see Magnetism), 72. 

Anode, meaning of, 241, 364. 

, aaltB accumulate at, 203. 

, soluble, appearance of, test of 

working, 299. 

, , relation to force of, 259. 

Arc, multiple (see Batteries), 196. 

Armature, revolving, currents in, 328. 

(see Dynamo-electric Machines). 

Arrangement of objects (see Deposit- 
ing). 285. 

Astatic (see Needles), 125. 



Atomic weight and gas volume, 245. 

and valency, 83. 

, table of, 212. 

Atomicity, theory of, 3. 

, , not necessary, 245. 

Atoms, condensed, 219. 

, defined, 4. 

, energy, a constituent of^ 2, 246. 

move m space, 4. 

unite in definite ratio, 245. 

Attraction and repulsion, laws of, 57. 

of magnets, cause of, 326. 

of electro-magnets, laws of, 343. 

Automatic (see Telegraph). 

B. 

Balance (see Electrometer, Tension). 
Ball lightning, 315. 
Batteries (see Cells). 

, arrangement of, 117, 196. 

J classification of, 79. 

, cost of working, 120. 

, insulation of, 117. 

, internal resistance, measuring, 

233. 

, seoondanr, or polarization, 253. 

-, theory Gi(see Positive and Nega* 



tive), 222. 
-, uses each is suited for, 126. 



Bells, electric, 358. 

Berzelius* electro-chemical theory, 210, 

24a 
and Faraday's theories contrasted, 

246. 
Binary, theory of salts, 210. 
Bound electricity, 52. 
Brass depositing, 310. 
Break, contact, for coils, 351. 
Bridge, Wheatstone's, 168. 
f B. A., for units (see Resistance 

instrument), 175. 

, galvanometer for use with, 169. 

, mode of using, 174. 
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Bright deposit, 800. 
Britannia metal, plating on, 271, 298. 
British AsBociation Committee, 145. 
Bronze, to deposit, 310. 
Bronzing, varions, 293. 
Brash and star discharge, 61. 
Bttmishing before plating, 270. 
finished work, 800. 

0. 

Oalorimeters, 142. 

Capacity, inductive, tables of, 58, 852. 

of condensers, 54. 

Capillarity and electricity, 188. 
Carbon and electromotive foroe, 228. 

, connection to, 103. 

for batteries, 102. 

f resistance of, 104. 

Cathode, 365. 

Cells (see Batteries, Depositing). 

, air used as oxidant in, 116. 

— are of two orders, 242. 

are sections of the circuit, 86. 



— , arrangement of (see Cnrront), 196, 
203. 

— , bottle form of, 93. 
— ^ closed construction of, 93. 
-, decomposition, act as condensers, 



Cells or Batteries (continued) : 
Delaurier*s, 110. 
Faure's, 104. 

Fitzgerald and Molloy's, 111. 
gas. Grove's, 116. 
Gladstone and Tribe's, 116. 
gravity, 101. 
Grenet's, 114. 
Grove's, 101. 

, table of E M F o^ 225. 

Highton's, 114. 

iron and zinc, 91. 

— ^, as negative, 104. 

, as positive, 106, 226. 

, perohloride and oxide, 112. 

lead sulphate, 114. 
Leclanch^ 114. 
manganese, peroxide oi^ 112. 

1 excitants for, 143. 

crystals formed in, 114. 

Marie Davy, 115. 
Meidenger's, 99. 

, without porous jar, 100. 



251. 

, electromotive force of, table, 224. 

, single liquid, faults of, 94. 

— , size and form of, 89, 202. 

, size of, does not affect E M F, 92. 

, with oxidants, 101. 

, work and constancy of, 118. 

, zinc, solutions for, 106. 

Cells or Batteries : 

, bichromate of potash, 108. 

-, single cell, 109. 

-, , solution for, 108. 

-, , with nitric acid, 108. 

-, calcium chromate. 111. 

-, Callan's, 104. 

-, Callaud's gravity, 101. 

-, carbon and zinc, 92. 

-, , artificial, 103. 

-, . granular, 104. 

-, Clark's standard, 115. 

•, copper and zinc, 90. 

-, Daniell's (see Meideoger's),- 95. 

-, , fiat form of, 97. 

-, J actions in, 98, 243. 

-, , as a voltameter, 97. 

-» f as standard of E M F, 152. 



meroury sulphate, 115. 
Minotto, 100. 
nitric acid, reactions of, 105. 
odds and ends, 93. 
silver and zinc, 91. 

chloride, 115. 

Slater's, 106. 
Smee's, 91. 

, closed form of, 92. 

, for large works, 91. 

, used as a voltameter, 91. 



spiral wire, 101. 
various, 116. 

Cement for glass, 16. 

for cells, 97. 

Chains are bad as conductors, 35. 

Charge, 320. 

y analogous to magnetism, 321. 

, depends upon surfaces, 47. 

, y because these bound a di- 
electric, 41. 

. , distribution of, laws o^ only ap- 
proximate, 41. 

, division of, 27. 

in submarine cables, 320. 

, nature of, illustrated, 252. 

on cylinders, 43, 49. 

on hollow sphere, 42. 

on spheres, 42. 

, theory of, fluid, 27, 46. 

-, molecular, 28, 47. 
, to ascertain if + or — , 17. 
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Charged body is a condenser ooatmg,80. 

Chemic, the, 85, 874. 

, E M F expressed in, 201. 

Chemical (see AiOnity, Contact, and 
Measurement). 

Chimneys, why they draw lightning, 
317. 

Chlorides, electrolysis of, 254, 262. 

Circuit (see Derived, Indaotive, Mag- 
netism). 

— , hydranlic analogy to, 204. 

y magnetic analogy to, 220. 

, polar order in, 243. 

, quantity equal in every section 

of, 86. 

Circulation, effect of, in depositing 
cell, 286. 

Clark's potentiometer, 232. 

Cleaning processes, dry, 269. 

, wet, 271. 

Cleanliness, necessity for, 269. 

Clouds, state of, in thuifder-storm, 315. 

Coercive force of iron (see Magnetism), 
69. 

Coils (see Besistance). 

induction, break for, 351. 
— , construction, precautions 
356. 

J core of, 345. 

, essential parts of, 345. 

, laws of; 352. 

, noted ones described, 354. 

, primary of, 347. 

, secondary of, 348. 

, medical, 357. 

Coloured deposits, 266. 

Colouring gold and silver, 303. 

Combination of adds and oxides, 211, 
213. 

Combustion, 308. 

, energy of, 341. 

Commutator, double contact, 170. 

for magneto-electric machine, 330. 

, reversing, 354. 

Condenser, action of, in coils, 352. 

, capacity of, 54. 

, construction of, 53, 352. 

plates, 50. 

Conduction in liquids, 193, 261. 

, without electrolysis, 261. 

in solids not electrolytic, 319. 

by molecular rotation, 327. 

Conductivity (see Metals) and resist- 
ance, 176. 

, hardness, effect on, 177, 



m 



Conductivity, heat, effect on, 178. 

, measurement of, 183. 

« , specific, 176. 

Conductor, prime, 34. 

Conductors (see Lightning), 366. 

Connection before immersion, 297. 

Connections (see Mercury), 273, 366. 

, chains not good for, 35. 

, for depositing cells, 289. 

, plugs for, 159. 

to carbons, 103. 

— to non-conductore, 278. 

Constancy defined, 94. 

• of cells compared, 118. 

^— , to secure, in experiments, 96. 

Contact and chemical theories, 116, 218. 

theory disproved, 116. 

, part of molecular, 24. 

Copper, as negative in cells, 90. 

, black deposit on, 90. 

, conductivity of, 184. 

depositing, details of, 292. 

, solution for, 290, 291. 

, pure, why deposited, 255. 

, to remove, off silver, 272. 

wire, table of, 188. 

Core of coils, 345. 

— '■ of helical wire, 323. 

Correlation of force, 82: 

equivolt, the unit of, 218. 

Cost of cells, how ascertained, 99. 
-, table of, 120. 
of energy, electrical, 343. 
-, mechanical, 343. 

— - of materials, table, 119. 

Counter force (see Electromotive force). 

Crystals and solubility, 192. 

Current, 82, 155, 201, 365. 

, analogy in hydraulics, 204. 

, chemical action of (see Electro- 
lysis), 362. 

, density of; 283. 

, , effect on deposits, 285. 

, extra, 323. 

, induced, direction of, 324. 

, inductive, how produced by, 322. 

, intensity of, 148. 

, laws of, illustrated, 201. 

, magnetic relations of, 67, 320. 

, molecular transmission of, 84. 

, transmitted by rotation, 319. 

Currents, heating effects of, 142. 

, magnetism, how produced by, 822. 

, prc^uced by motion in a magnetic 

fieH 328. 
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Current^ resktanoe to legnlate, 236. 
GoTTef magnetic, 64. 
Cyanide of potassium, 294. 
, teat for free, 295. 

D. 

Daniell {see Cells). 
Decomposition {se« Depositing). 

cell, a condenser, 261. 

Densi^^, 45, 58. 

of current, 283. 

Deposit (m0 Adherence). 

, first requires higher force, 298. 

, to produce hard, 284. 

Depositing {see Alloys, and Names of 

Metals). 
cell, arrangement of ohjects in, 

285. 

-, circulation in, effect of, 286. 
-, resistance of, 282. 

, tension, effect of, in, 284. 

Derived circuits, 196. 

, resistance of, 196. 

, tension in, 166. 

, with different E M forces 

in, 258. 
Diamagnetism, 68. 
Dielectrics, tables of, 53. 
Discharge (jsee Spark). 

y brush and star, 61. 

— -, burning of metals in, 62. 

, molecular motions attend, 62. 

Discharger, universal, 353. 
Dissimulated electricity, 52. 
Dissociation, analogy to electrolysis, 

262. 
Distance, laws of^ 57. 
Distribution (see Charge), 40. 
Duplex (see Telegraphy). 
Dynamo-electric Machines : 

general theory of, 328, 331. 
rate of motion, effect of, 329. 
work of, 340. 
Gramme's, 332. 
-, armature, 332. 






-, construction of, 337. 
-, E M F of constant, 334. 
-, theory of, 335. 
work of, 340. 



Ladd's, 331. 

, work of, 339. 

Marcus's, work of, 340. 
Siemens*, armature for, 330. 
Wilde's, 330. 



E. 

Earth, a magnet, 72, 320. 

battery, 117. 

, connection in static electricity, 29. 

-, for conductors, 317. 

-, relation of, to lightning, 314. 

-, return circuit through, 193. 

-, supposed action as reservoir, 20. 
■, disproved, 40. 
Ebonite for electric machines, 32.- 

, sulphuric acid, forms on, 32, 

, to make tubes of, 348. 

Economy in working, 87. 
Edison's motograph, 361. 
Electricity, general remarks on, 11. 

, mode of studying, 11. 

, mysterious nature of. 11. 

Electrics and non-electrics, table, 14. 
Electrodes defined, 253. 

, selective, action at, 255: 

Electrolysis (see Anodes). 

, actions produced by, 255. 

, analogy to dissociation, 262. 

, affinity is not suspended by, 253. 

, current passed without, 261. 

, does not occur in solids, 319. 

, energy absorbed in, 259. 

, experiments in, apparatus for, 

264. 

, laws of, Faraday's, 244. 

-, general, 256. 



-, rate of, formula for, 251. 
-, secondary, 254. 
-, real, 256. 



, terms of, 241. 
— ;— , transfer by, apparent, 264. 
Electrolytes, action among mixed, 258. 

f as derived circuits, 258. 

, intrinsic energy ofi 250. 

, mixed, relati(»i of current to, 257. 

require different E M forces, 

252. 

, simple defined, 254, 260. 

, solids are not, 319. 

, , until fused, 244. 

, true, defined, 260. 

Electro-magnetic (see Engine). 
Electro-magnetism (see Magnetism), 319. 
Electro-metallurgy (see Deposit, £lec- 

trolysis). 

anodes test working in, 299. 

, batteries suited for, 267. 

y E M F required in, 281. 

, galvanometer, use of, in, 268, 283. 
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Electro-metallurgy, laws of^ 281. 

, , Smee's, 280^ 

Electrometers, 60. 

and galyanometers, distinction, 45. 

, Coulomb's torsion, 56. 

, Harris's balance, 57. 

Electromotive force (see Energy), 82, 
152. 

and specific energy, 256. 

, Daniel 1, as standard of, 152. 

experiments in, apparatus for, 



229. 



-, intermittent, 329, 867. 
-, measurement of, 230. • 
-, , in chemics, 201. 

- of cells, table of, 224. 

, independent of size, 90. 

- of positive metals, 226. 
-, the source of, 223. 

-, negative, or counter, 195. 

-, how set up in electrolysis. 



252. 



-, of chemical reaotions, 228. 
-, of negative metals, 227. 



Electrophoms, 15. 

, action o^ 26. 

, its relation to charge, 27. 

Electroscopes, 16, 18. 

Electrotypes (see Deposit), 273. 

Elements, 2. 

, table of properties of, 212. 

Endosmose, electric, 367. 

Energy (see Work). 

, a constituent of substances, 78, 

247. 

and matter, 207. 

and phlogiston, 78. 

, cost of, in various forms, 343. 

, measuring expenditure of, 82, 339. 

, mechanical, 82. 

, , ft.-lb., unit ofi 82. 

of fuel and engines, 340. 

of protoHaalts, 214. 

, potential, 78, 207. 

, ratio of conversion by Dynamo- 
electric machines, 338. 

, , apparatus for testing, 339. 

, speciSSc, 209. 

, transformation to electricity, 79. 

Engines and fuel, cost of, 343. 

, electro-capillary, 138. 

— , electro-magnetic, 341, 

, , GamiCcho's, 342. 

, , general principles of, 342. 

, , failure of, causes, 190, 343. 



Equivalent, chemical, 368. 

, electric, 86, 195, 248, 265. 

of current (see Ghemic), 85. 

Equivolt defined, 217. 

, the unit of correlation, 218. 

Ether, hypothetical fluid, 3. 

J relation of, to electricity, 3, 21. 

, , to molecules, 21. 

replaces several old fluids, 3. 

Exceptions to laws, how to regard, 

248. 
Experiments, how to study, 249. 

, measurement, the essence of, 267. 

, the basis of knowledge, 14. 

P. 

Farad, the, unit of quantity, 154. 
Field (see Magnetic), 66, 326. 
Flowers, depositing on, 277. 
Fluid theory, one, 20. 

, two, 19. 

— , inconsistencies of, 23, 28. 

Fluids, replaced by the ether, 3. 
Foot-pound, the, 105. 
Force (see Energy, Work). 

and physical state, 2. 

Friction, how it produces electricity, 23. 

, list of reacting substances, 23. 

Frictional electricity, theory of, 15. 
Fuel, energy of, and cost, 340. 
Fusible metal, 274. 
Fusing point of metals, 144. 

G. 

Galvanometer and electrometer, dis- 
tinction of, 45. 

, capillary, 138. 

, differential, 135. 

, needles for (see Needles), 123. 

, ordinary simple, 131. 

, principles of, 122. 

, sine, 130. 

J stand for, 125. 

, suited toWheatstone's Bridge, 169. 

, tangent, 126. 

, Thomson's reflecting, 136. 

, universal, 131. 

, , patent, 133. 

— — , valuing, deflections of, 128. 
Gases, laws of volame of, 147, 248. 

, molecular heat of, 147. 

, unit volume of, 141. 

Gauge (see Wires), 179. 
German silver, properties of, 137. 
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German silyer, redBtanoe of wiros of, 

162, 181. 
Gilding solution, 302. 

^ spoilt, 303. 

GlaaB condenseB moistmre, 15. 

, quality of, for machines, 83. 

Glue, marine, 275. 
Gold, colouring, 303. 

, depositing, 303. 

, to remove, 272. 

Gramme (see Dynamo-electric), 332. 
Gravitation, relation of, to matter, 9. 
— , force ol, 149. 
Gravity, specific, 180. 
Grove (9ee Cells), 101. 

H. 

Heat {see Current, Resistance). 

, analogies to electricity, 45, 262. 

— , to electrolysis, 297. 

and work = square of current, 235. 

f atomic, 146. 

developed in wires, 143. 

, latent, 207. 

, of constant pressure and volume, 

147. 

1 specific, of metals, 143, 146. 

units, 146. 



Helices, polarity of, 324. 
Holtz electric machine, 38. 
Horse-power, indicated, 341. 

, work equivalent, 341. 

Hydrogen a metal, 77. 

, action of, in batteries, 22. 

, of nascent, 254. 

, unit volume of, 141. 

, when given off in electrolysis, 

255. 
Hydroxyl, 7. 

I. 

Induction, 31, 47, 369. 

by magnets, 325. 

, defin^ 320. 

, how produced by currents, 322. 

, measured as resistance, 190. 



Inductive cirouit, 320, 365. 

, electric machines, 37. 

Insects, depositing on, 277. 
Insulators for batteries, 117. 
Intensity (see Magnetic Tension). 

of current, 148, 369. 

Internal (^e Resistance, Work). 
Ions (see Radicals), 241. 



Ions are not transferred, 263. 

Iron and steel, magnetic properties of^ 

69. 

, as negative (see Cells), 91, 104. 

y oast, its influence in- magnets, 

331. 

, depositing, 306. 

, depositing on, 303. 

perchloride and oxide, in ceOa^ 112. 



Isomerism, 246. 



J. 



Jars (see Leyden). 

K 

Knowledge, experiment the basis of, 14. 
, necessity of general, 1. 

L. 

Ladd (see Dynamo-electric), 331. 

Latent heat, 207. 

Lead (see Cells), peroxide of, 112, 266. 

Leakage of electricity, 321. 

Lenz's law of electro-magnetism, 323. 

Leyden jar, 54. 

y theory of, 55. 

Light, effect of, on resistance, 178. 

, electric, 118. 

, , at Houses of Parliament, 338. 

Lightning, ball, 315. 

, common ideas of, 314. 

conductors, area of protection, 



316. 



- not to be insulated, 318. 
-, points to be applied to, 318. 
-, principles of, 316. 



, death by, painless, 315. 

flash, lengtn and duration of, 316. 

, marks on those killed by, 315. 

Lippmann's electrometer, 138. 
Liquids (see Currents). 

, conduction through, 193, 261. 

, resistance of, 191. 

, , apparatus for testing, 194. 

Local action, 86. 
Logarithms, value of^ 179. 

M. 

Machine, electric, cylinder, 36. 

, , enclosed, 36. 

, , Holtz, 37. 
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Machine, electric, plate, 37. 

, , principles of, 32. ^ 

Magnetic analogy of electrio circuit, 

220. 

curve, 64. 

field. 64, 66, 326. 

, molecular condition of, 326. 

^ changes produced by 

motion in, 327. 

force, laws of, 74. 

^ tested by filings, 63. 

intensity, 76. 

does' not aflfeot deflection of 



needle, 125. 

— moment, 75. 

— needles, 123. 
astatic, 125. 



, law of swings of; 124. 



poles, 61, 75. 

Magnetism, Ampere's theory of, 72. 

^ , objections to, 73. 

, analogy of, to charge, 321. 

y a static force, 66. 



■, discovery of, 63. 
— has no single directive power, 

321. 

— , laws of electro-, 344. 
— , molecular, theory of, 73. 
— , production of, by currents, 322. 
-, at right angles to current, 



66. 321. 
Magnetizing by bar magnets, 69. 

coil, 70. 

for needles, 123. 

Magneto -electric (see Dynamo -elec- 
tric). 
Magnets and currents, relations of, 66, 

325. 

, compound, strength of, 71. 

J directive force of, 71. 

, form and arrangement of, 71. 

, molecular, constitution of, 65. 

, steel suited for, 70. 

Manganese peroxide (see Cell), 112. 

, a conductor, 113. 

Matter (see Energy), 2. 
Measurement, by chemical actions, 138. 

, by heating eflfects, 141. 

-^— , by magnetic effects, 122. 

, principles of, 144. 

, the atom, nature's unit of, 145, 

, the basis of experiment, 267. 

Mechanical analogy to electricity, 81. 

energy, true unit of, 147. 

, cost of, 343. 



Mechanical energy, ft.-lb., unit of, 106. 

, equivalent of heat, 146, 147. 

Meidenger cell, 99. 
Mercury cups, 133, 161. 

, resistance of, 177. 

sulphate, 115. 

Metallo-chromes, 266. 
Metals, conductivity of, 178. 

J melting point, of, 143. 

, specific heat of, 143. 

Metaphysics, 1. 
Mol^ular types, 5. 

disturbance in discharge, 62. 

rotation, a cause of current, 319. 

, direction of, how caused, 

324. 
Molecule, definition of, 4. 

-, composed of + and — radicals, 21, 



85. 



-, polarity of, 220. 

-, relation of, to energy, 246. 

-, two classes of, 7. 



-, universe compared to, 8. 
Motion, its conversion to heat 

electricity, 13, 40. 
Motograph, Edison's, 364. 
Moulds, elastic, 277. 

, guttapercha, 274. 

, preparing, 273. 

Multiple arc, 196. 
Music, recording, 363. 



N. 

Nascent (see Hydrogen), 79, 369. 
Negative plate, actions at, 222, 229. 
Nickel, depositing, 305. 

, , solution for, 304. 

Nitrates, alkaline (see Cells), 106. 
Nitric acid, electrolysis of, 105, 250. 

, (see Cells), strength of, 105. 

Notation, chemical, 8, 370. 
, Frankland*s, 370. 



and 



O. 



in removing. 



Objects, precautions 
293. 

, preparing for deposits, 269. 

Ohm, the, unit of resistance, 155. 
Ohm's laws, 82, 148, 199, 370. 

, same as mechanical, 199. 

Organ, electric, 263. 

Oxidants, action of, in cells, 226. 

Ozone, how generated, 261. 
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P. 

Pail experiment, Faraday'fl, 47. 
Paraffin, uses of; 103, 871. 
Paraffining yeaaels, 95. 
Pendulam, law of the, 124. 
Peroxides produced, 266. 
Phlogiston and potential energy, 78. 
Phosphates, electrolysis of, 265. 
Physical state and energy, 78. 
Plaster of Paris, 273. 
Platinizing silver, 91. 
Platinum, chlorides of, 92, 808. 

f depositing, 807. 

, E M P of; variable, 223. 

Plugs for connections, 159. 
Plumbago, quality of, 278. 
Points, action of. explained, 44. 
Polarization of plates, 252, 371. 

, set up by + metal, 221. 

, the process of, 22. 

Poles (see Magnetic), 371. 

and plates of battery, 80. 

Porous jars, 94. 

Positive and negative electricity, dif- 
ferences in, 61. 

metals, E M P of, 226. 

Potential, 154, 372. 

energy, 78, 207. 

Potentiometer, Clark's, 282. 
Prime conductor, 34. 
Proof plane, 27. 

Q. 

Quantity, dynamic {see Ghemic, Yeber), 
86. 

, static, 44. 

, , farad, unit of, 155. 

R. 

Radicals, classification of, 84. 

Relays, 359. 

RepuLsion, apparent only, 19. 

explained, 30. 

Resistance (see Conductivity), 82. 

and heat, 177. 

and work, 187. 



-, definition of, 155, 194. 
-, external and internal, 203. 
- instruments, coils for, 158. 

, decimal form, 159. 

-, construction of, 161. 
-, wires suitable for, 162. 



Resistance instruments, with bridge 
combined, 171. 

decimal form, 172. 
PoetK)ffice form, 172. 



-, laws of, 177. 

-, measuring, 157, 163. 

, by galvanometer, 129, 135. 

-, internal of cells, 233. 
-, of wires at 60°, 182. 
-, specific, 195. 
-, the ohm, unit of, 155. 



Resistances, consecutive, 195. 
Retardation, 321, 373. 
Rheostat, Wheatstone's, 157. 

converted to potentiometer, 232. 

Rotation of armature, process of^ 329. 
of molecules, a cause of current, 



320, 327. 



S. 



St. Ehno's fire, 315. 

Salt, action of, in batteries, 225. 

Salts, theories of, 210. 

Scratch-brushing, 270. 

Selenium and light, 178. 

Ships and lightning, 325. 

Short circuit, 159. 

Shunts, laws of, 234. 

Siemens' armature, 330. 

Silver (see Cells). 

, bright deposit of, 300. 

, depositing, 296, 300. 

-, first coating, 298. 
-, solution for, 295, 301. 

, , for diflferentmetals,298. 

-, spoilt, 301. 

-, test for silver in, 295. 

, platinized, action of, in cell, '227. 

, to remove, 272. 

Smee's cell (see CeUs), 91. 

laws of electro-metallurgy, 279. 

, defects of, 280. 

Soda, caustic, to prepare, 270. 

Sodium, chloride, electrolysis of; 262. 

Solder, to deposit on, 271. 

Soldering, platinum, 351. 

small wires, &c., 356. 

Solutions (see Names of MetalsX 290. 

J experimental tests of, 312. 

, strength of, influence c^ in depo- 
siting, 281. 

Spark (see Discharge). 

, colour of, depends on material 62. 

Specific • (see Conductivity, Heat, 
Energy, Gravity, Resistance). 
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Sphere, hollow, charge of, 42. 
Squares, the law of, explained, 240. 
Stand for galvanometer, 125. 
Steel for magnets, 70. 

, plating on, 303. 

Substitution (see Types), 6. 

y energy of, 214. 

Sulphates, electrolysis of, 254, 259. 
Sulphuric acid, quality, &c., 88. 
Surfaces, relation of, to electricity, 41. 

y (see Charge, Distribution). 

, to render conducting, 278. 



T. 

Tangent galvanometer, 126. 

, to graduate, 128. 

Telegraph, electric, 359. 

, , automatic, 362. 

, , Bain's chemical, 360, 362. 

Telegraphy, duplex, 360. 
Temperature (see Wires). 

, correction for, 185. 

Tension, 153 

, analogous to pressure, 166, 247. 

, difference of, 165. 

y distribution of, in circuit, 16'L 

, in derived circuits, 166. 

, hydrostatic, illustration of, 166. 

shown before contact, 81. 

Terms, confusion in, 198. 

of batteries, 80. 

of electrolysis, 240. 

of static electricity, 20. 

Theory, necessity for knowledge of, 
267. 

(see Fluid, Contact). 

Thomson's galvanometer, 136. 
Torsion electrometer, 56. 

, law of, 57. 

Transmitter, automatic, 362. 
Types, molecular, 5, 85. 



U. 



Unit, absolute, 149. 

, gas volume, 140, 249. 

jar, 55. 

wire, 179. 

Unitary system, principles of, 198. 
Units, absolute, formulsB of, 149. 

, bridge for adjusting, 175. 

y conversion of, table, 217. 



Units, general ratios of, 208. 

, practical electric, 152, 374. 

-, table of, 156. 



-, values of, measurement of, 150. 



Universe, matter, force, spirit, 1. 
compared to molecule, 8. 



V. 

Valency of atoms, 3, 246. 

, variation of, 249. 

Varnish for glass, 16. 
Veber, unit of current, 155. 

, chemical value of, 200, 212. 

Velocity, the basis of measurement, 

149. 
Vessels for electric uses, 272. 
Volt, unit of; E M F, 153. 
Voltameters, 139. 

, coppering, 140. 

, Daniell's cell as, 97. 

y Smee's cell as, 140. 

Volume, of gases and heat, 147. 
, of gases and potential energy, 

249. 

, molecular, 249. 

ratio and atomic weight, 245. 

W. 

Walls, action of, in electricity, 47. 
Water, decomposition of, 261. 

y not a true electrolyte, 260. 

, pure, unknown, 261. 

, type, 6. 

, weight of cube inch, 180. 

Wheatstone (see Bridge, Rheostat). 
Wilde (see Dynamo-electric), 330. 
Wind, changed by ships, 315. 
Winter's ring, 35. 
Wires, copper, table of, 188. 

, formulse for, 181. 

, gauges of B. W. G., 179. 

, German silver, 137. 

, heat developed in, 143. 

y precautions in using, 355. 

, properties of, 178. 

y resistance of, adjusting, 163. 

, , effect of heat on, 185. 



, to calculate, at 60"^, 182. 
, unit, principles of, 179. 



Words, importance of, 198. 
Work (see Cost, Dynamo). 

and resistance, 187. 

, internal, 10, 249. 
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Work, unit of, the ft.-lb., f 05. 
— yaries as sqiiare of cotrenty 235. 

Z. 

Zinc, action in acid, 77, 86. 

, amalgamated, has higher force, 

87. 



Zinc, amalgamation, economy of, 87. 

, benduig with cylinders, 88. 

ideaoing, advantage of, 87, 131. 

•, quality of, 87. 

y sulphate of, in cells, 98. 

, , iM acted on by zinc, 98. 
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